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ABSTRACT 

Computer models have been developed for the simulation of high energy 

displacement cascades. The objective is the ~eneration of defect production 

functions for use in correlation analysis of radiation effects in fusion 

reactor materials. In particular, the ~tochastic ~ascade annealing ~imulation 

code SCAS has been developed and used to model the short-term annealing behavior 

of simulated cascades in FCC metals. The code is fast enough to make annealing 

of high energy cascades practical. Sets of cascades from 5 keV to 100 k~V in 

copper were generated by the binary collision code MARLOWE. 

In order to simulate the recombination occurring during the localized 

quenching of the highly excited cascade region, an effective spontaneous recom

bination radius was applied to reduce the number of defects to be consistent 

with values measured-at 4 K. The individual cascades were then annealed with 

SCAS and examined at stages of short-term annealing corresponding approximately· 

to Stage I and ·stage III. The total number of surviving defects in an isolated 
' . 

cascade produced at any temperature is proportional to the damage energy for 

ca~cadc energies above S keV: Comparison is also made with previous cascade 

annealing simulations. 
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Radiation, irradiation, radiation damage, fusion reactors, simulation, 

anneal~ng, displacement cascades. 
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INTRODUCTION 

The characterization of bulk radiation damage in the first wall of a 

fusion reactor requires an understanding of the high energy recoils, on the 

order of hundreds of keV, which result from the typical fusion reactor 

neutron spectrum. Theoretical models are being developed with the objective 

of generating defect production functions fo~ use in correlation analysis of 

radiation effects in potential fusion reactor materials. These models treat 
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the problem on. an atomistic scale, with various levels of approximatibn to the 

physical processes involved depending primarily on the energy range of the 

recoils under consideration. 

Previous atomistic modeling work which culminated in the determination 

of·defect production functions(l, 2) was a~med at understanding radiation effects 

in breeder reactor spectra, which do not have the large component of high 

energy neutrons of the fusion reactor spectrum. The earlier work used displace

ment cascades generated by Beeler,(J) and later, more extensive cascades were 

generated wi.th an early version of the binary collision code MARLOWE. (4) The 

simulation of short-term annealing of the cascades was done with the hybrid 

annealing program HAP. The modeling was used to obtain def~ct production func

tions which could be integrated with a primary knock-on atom (PKA) spectrum to 

find the mean numbers of defects per PKA. Multiplying by the PKA production 

cross section for a particular incident particle results in defect production 

cross sections for the particle. 

The earlier \'JOrk is being extended for several reasons. · PKAs of energy as 

large as 100 keV were treated explicitly earlier, but with some difficulty, 

because of the large amount of computer time necessary to anneal the high energy 

cascades with HAP. Defect production for PKAs above 100 keV was extrapolated 

from the lower energy information. The MARLOWE cascades used in the earlier work 

were generated in copper using a displacement energy, Ed' of 25 eV, that is, 
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only atoms receiving at least 25 eV of energy were allowed to participate in 

the cascade. (In the context of this paper the terminology 11 displacement 

energy 11 refers to this MARLOHE parameter and not necessarily to the energy 

needed to form a stable Frenkel pair.) This criterion effectively prevents 

the occurrence of the long replacement collision sequences (LRS) that are 

observed in dynamical computer simulations( 5) and inferred from experimental 

evidence. (6) The low energy collisions which occur in replacement events can 

be included in MARLOWE by lowering the displacement energy parameter to some-

thing on the order of 5 eV. (?) Unfortunately, this also allows so many more 

atoms to participate in the cascade that the capactiy of a large computer is 

saturated for PKAs of 40-50 keV in copper. 

This report describes briefly recent advancements which now make possible 

the modeling of the higher energy displacement cascades resulting from the 

fusion reactor spectrum. The new stochastic cascade annealing simulation code 

SCAS simulates the short-term anneali'ng of cascades with sucheconomy that 

statistically significant numbers of high energy cascades (hundreds of keV) 

can be considered. Continued refinement of MARLOWE parameter settings(?) has 

produced a model which has a more fundamental physical basis. Also, unlike the 

previous work, the modeling is fitted to the actual defect yields extracted from 

resistivity measurements on low temperature ion-ir~adiated materials. (S) 

Results of simulations using SCAS and impioved MARLOWE cascades at energies 

up to 100 keV in copper are presented and discussed, along with a comparison 

with the previous work . . ---· 

ANNEALING SIMULATION AND CASCADE GENERATION 

The stochastic cascade annealing simulation code SCAS and its calibration 

against the results of the HAP code are described in more detail elsewhere.(g) 

Besides using improved computational techniques, SCAS employs some simplifying 

approximations to the more physically rigorous details of defect movement 



employed in HAP. In SCAS the defect clusters are assumed to be spherical and 

centered on lattice sites. Mobile defect clusters (mono-, di-, tri-, tetra

vacancies; mono-, di-, tri-interstitials) move as a whole, one lattice site 
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at a time, while in HAP, the integrity of the individual point defects was 

maintained even when clustered. In SCAS the mobile defects are followed until 

they leave the 11 cascade region, 11 defined here as the rectangular parallelepiped 

which encloses the initial cascade plus a margin of 25 lattice parameters in 

each direction. To check the SCAS code, it was used on the same sets of cas-

cades as annealed previously with HAP, using critical reaction distances and 

jump frequencies which are consistent with the corresponding parameters in 

HAP. SCAS gives results remarkably similar to HAP with only about 5% of the 

expenditure of computer time. With SCAS it is now computationally feasible to 

anneal sets of cascades with energies of hundreds of keV. With ·the ability to 

anneal large cascades realized, the computational limitation rests more with · 

the generation of the high energy cascades using MARLOWE. 

With the proper choice of parameter settings, MARLOWE has been made to 

model PKAs with energies less than 100 eV,(7) even though it employs the binary 

collision approximation. It gives replacement sequences with len~ths comparable 

to those produced in simulations using the many-body dynamical code COMENT 

with the same interatomic potential .. The parameter settings for this low energy 

version of MARLOWE, which uses a displacement energy of 5 eV, can be used for 

PKAs up to about 40 keV. Above that, a higher displacement energy must be 

used to reduce the number of defects produced. 

Defect production 11 efficiency 11 experiments(lO) have shown that, atcascade 

energies above a few keV, fewer Frenkel pairs remain than are predicted by 

partitioning the damage energy into an effective energy necessary to displace 

an atom from its lattice site [e.g., the modified Kinchin and Pease model(ll)]. 

The experiment temperatures are such that both interstitials and vacancies are 
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immob-ile with respect to normal thermally activated migration, thus the yields 

observed. must be due to recombination during localized .. quenching .. of the ex

cited cascade region. That is, excitation resulting from the energy localized 

in the cascade region after all initial displacements occur is thought to lead 

to immediate athermal rearrangement of the atoms, resulting in considerable 

pair recombination. This phenomenon has been ·observed in computer simulations 

of cascades in tungsten. (l 2) The MARLOWE code cannot model this aspect of the 
' 

cascade development directly, hence MARLOWE predicts far too many defects. To 

account for the recombination which takes place· during the quenching of the 

·cascade, the simplest procedure is to recombine the closest pairs until the 

experimentally observed number has been reached. In the earlier work( 2) 

spontaneous recombination volumes, determined.from static modeling and some 

experimental evidence, \'/ere applied to the ~lARLOWE cascades. Even with a 

displacement energy of 25 eV, these cascades had many more defect pairs remaining 

after recombination than observed in the more recent experiments. The present 

procedure is to apply whatever amount of recombination is necessary to make 

the number of defects consistent with values extracted(S) from resistivity 

measurements on low temperature, ion irradiated samples.(lO) A single, energy

independent, effective recombination radius of 3 lattice parameters, applied 

to the MARLO\~E cascades having Ed= 17 eV, gives Frenkel pair yields consistent 

with the resistivity measurements in the range from 5 to 100 keV. The value 

17 eV is about the minimum· displacement threshold obtained with the interatomic 

potential used in this work. A larger, also energy independent, radius of 5.5 

lattice parameters was. applied with equal success for the low displacement 

energy. (Ed = 5 eV) MARLOWE model throughout the 5 keV to 30 keV range. This 

effective recombination radius may seem quite large. However, in a computer 

simulation study of Frenkel pairs in electron-irradiated copper by Tenenbaum,(l 3) 

an. 11 attraction range 11 was determined for Frenkel pairs which is larger than 
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the spontaneous recombination radius. Within the attraction range newly pro

duced interstitials activated by local heating of the lattice tend to jump 

toward the vancancies. This activation range was estimated to be 5.4 lattice 

parameters at 0 K. 

Raising the displacement energy Ed to permit the simulation of higher 

energy cascades necessitates a procedure to ~ccount for the truncation of LRS.(g) 

Sets of cascades in the energy range from 5 to 30 keV were generated using 

MARLO\~E with displacement energies of both 5 and 17 eV. Both sets were annealed 

with SCAS, and the results were compared at two stages of annealing: 1) after-

a time T = 1000 jumps, corresponding to 1000 jumps of a single interstitial, 

i.e., after near exhaustion of the mobile interstitials from the cascade region, 

and 2) at T ·= END after all mobile vacancies and interstitials had escaped the 

cascade region (~10 12 jumps). Multiplicative scaling parameters were then deter

mined for converting defect yields from the high Ed model to be. the same as those 

for the low Ed model. 

The relative jump frequencies used in the annealing runs were the same as 

those used in HAP. They correspond to a temperature of about 800 K in gamma

iron. These jump frequencies for single interstitials and vacancies differ by a 

" factor of about 107 • A few test cases have shown the outcome to be fairly insen

sitive to the jump frequencies. Thus, we prefer to discuss our results in terms 

of mechanisms rather than temperatures .. He identify the motion of interstitials 

with Stage I annealing and the motion of vacancies approximately with Stage 

III. 

RESULTS 

Using a displacement energy of 17 eV, sets of ten I~RLOWE (Version ll) 

cascades were generated at energies of 5, 20, 30, 60 and 100 keV. The defect 
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yields per cascade were adjusted to be similar to those expected from the low 

displacement energy model by using the calibration factors. In Figure 1 the 

number of Frenkel pairs are plotted versus the average damage energy computed 

directly (Lindhard energ~ partition model) in the MARLOWE runs. The results are 

plotted for three stag~s of annealing: at T =. 0 (recombined but not annealed), 

T = 1000 jum~~' and T = END. The curve for T = 0 is a function derived from 

resistivity data.(S) It ·is nearly linear in this energy range. The curves for 

T = 1000 and T = END are simply the T = 0 curve multiplied by 0.87 and 0.70 

respectively. The error bars are one standard deviation, based on ten cascades 

at each point. rThus, in the energy range from 5 to 100 keV the number of pairs 

remaining after annealing i~ simply a fraction, independent of energy, of the 

initial number of defects. 

Over a lower range of PKA energies there is a transition in the nature of 

defect production, as the ene.rgy is increased, from the production of a small 

number of isolated pairs per PKA to the production of cascades in which con

siderable recombination occurs. In Figur~ 2 the average number of defects per 

· unit damage energy is plotted versus damage energy for recombined but unan

nealed MARLOWE cascades. The curve, calculated from T = 0 in Figure 1, is 

extended to somewhat smaller energies to illustrate the sharpness of the trans

ition region. From this figure the high end of the transition region can be 

said to lie somewhere between 5 and 20 keV. Above 20 keV the defect production 

efficiency ;~~nearly constant with energy~ 

DISCUSSION 

Many characteristics of the new cascades, produced by a version of MARLOWE 

which has been calibrated against many-body dynamical simulations, are indepen

dent of energy in the r~nge o~ PI~ energies from 5 to 100 keV. For casc~des 
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produced using either a high Ed or low Ed, an effective recombination radius 

independent of damage ·energy produces defect pair yi e 1 ds consistent vii th res is

tivity measurements. At two stages of simulated short-term annealing the 

residual fraction of original defect pairs is independent of damage energy. The 

efficiency of defect production, measured by the number of defect pairs per 

unit damage energy, is fairly uniform above 5 keV (perhaps more so above 20 keV). 

An explanation for this behavior is that, above about 5 keV, the density of 

defects in cascades is independent of PKA energy and remains so after short-

term annealing. This behavior should make for easy extrapolation to cascades. 

of much higher energy. 

The formation of subcascades, i.e., multiple, spatially separated cascade 

regions produced by the same PKA, could be expected to result in the .observed. 

nearly constant defect production efficiency at high energies. Hov1ever, initial 

analysis of the spatial extent of the fifty cascades produced for this study 

reveals only two cascades, at 30 and 100 keV, that had vddely separated damage 

areas. In both cases the secondary damage area v1as quite small and quickly 

annealed out. Graphical analysis in progress of these and higher energy 

cascades will produce valuable insights into the reasons for the energy inde

pendent characteristics. 

It is of interest to compare the present results with the defect production 

functions developed in the previous annealing study. In that work cascades were 

generated with an older version of MARLOWE, using Ed= 25 eV. No provisions 

we~e made for including effects of LRS in these MARLOWE cascades. With a higher 

Ed value the average pair separation is smaller; hence, more recombination and 

smaller yields than those obtained in the present study might be expected as 

these cascades were annealed. On the other hand, the initial number of pairs 

was not reduced by recombination sufficiently to give the 11 measured 11 values 



used in the present work. Also, because of different criteria in determining 

the end of an annealing simulation, the previous cascades were perhaps not 
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annealed completely. These factors would tend to result in somewhat larger 

yields. ·These constrasting effects evidently compensate for each other. The 

result, shown in Figure 3, is that the ~resent simulation values fit the 

previous defect production functions surprisingly well. If the present re

sults using Ed= J7 are not adjust~d by the calibration factors to account for 

LRS, then they differ from the old defect production functions by about 30%. 

The comparison with the earlier results suggests that an alternate method 

of calibrating defect yields from anneals of high Ed MARLOWE cascades would be 

to increase the pre-anneal number of defects by decreasing the recombination 

radius. Because this procedure would have the advantage of maintaining, at 

least approximately, the appropriate spatial configuration of all the residual 

defects, it is being investigated. In the current procedure, the number of 

defects is adjusted up\'Jard but the location of the .. added .. defects is unknovm. 

The short-term annealing of isolated cascades should be comparable to the 

annealing of resistivity in specimens exposed to low dose, cascade-producing 

radiation, at,least through Stage I where the recovery mechanisms are relatively 

straightforward. Recovery of resistivity at the end of Stage I for low dose, 

4 K irradiation of'copper by 400 keV Bi++ ions, ha.s been measured(l 5) to be 15%. 

The PKA spectrum.corresponding to this irradiation is such that only negligible 

displacement~_.are produced below 5 keV. If one assumes the curves in Figure 1 

can be extrapolated to several hundred keV, for comparison with this experiment, 

then at T = 1000 all cascades above 5 keV will have recovered by 13%. Thus, 

good agreement with experiment has been obtained for at least the initial 

stages of the short-term annealing simulation. 
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CONCLUSIONS 

The simulation of displacement cascades in copper in the 5 to 100 keV range 

has produced the following conclusions: 

1) The total number of surviving defects in an isolated cascade 

produced at any temperature is proportional to the damage 

energy for cascade energies above about 5 keV. 

2) The fractions of vacancies and interstitials which are free 

are essentially constant over the same energy region. 

3) No firm evidence for subcas~ade formation has been found, 

although comprehensive graphical analysis has not yet been 

performed. 
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FIGURE CAPTIONS 

1. The Number of Frenkel Pairs Remaining at Three Stages of Simulation 

Annealing as a Function of Damage Energy. The top curve was extracted 

by Simons from resistivity data (Reference 8). 

2.· Defe~t Production Efficiency, Expressed as Total Frenkel Pairs Per Unit 

Damage Energy, as a Function of Damage Energy. 

3. Comparison of Defect Production Functions (Smooth Curves) of Reference 1 

With Present Results. 
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