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The binary collision approximatiofBCA) grounded on molecular dynamics results is used to investigate the
influence of the range and stiffness of interatomic potentials on the replacement collision se@E8ce
length and frequency distributions as well as on the displacement cascade expansion and density. Different
screened Coulomb potential functions are used in the Marlowe BCA program with suitably adjusted screening
lengths. We show in this paper that for screened Coulomb potentials, the shorter the range, the lower the
focusing threshold and the more important the RCS production. The cascade expansion and density is quite
sensitive to the potential range at high interaction energies. The overall cascade expansion is found to be
governed by the 10% highest-energy recoils. Their energy is above the RCS focusing energy threshold. The
cascade density, i.e., the number of transient defects produced per unit volume, is suggested sufficient to
interfere significantly with RCS propagation and thus with the spatial distribution of Frenkel pairs. Primary
damage production thus involves the combined effect of high-energy collisions and RCS production. A careful
choice of the short range potential has thus to be made when simulating displacement cascades.
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[. INTRODUCTION cancy clusters formed during the ballistic phase of the
cascades were identified to fragment as a consequence of the
Although radiation damage has been studied at the atomigost-ballistic mixing(not predicted by the BCAIn the core
scale for more than 40 years, it is still, nowadays, far fromof the cascades.
fully understood. Two methods have frequently been used to The potential model is crucial in predicting primary dam-
investigate the primary damage at the atomic level: molecuage. This was illustrated, among other examples, by MD
lar dynamics(MD) and its binary collision approximation simulations of displacement cascades in iron with three dif-
(BCA). Accumulating statistics over large samples of colli- ferent model potentials published in the literature as repre-
sion cascades using full MD is nowadays unpractical in thesentative models for Fe. It was found that the spatial distri-
energy ranges of interest for radiation damage studies. Irbution of primary damage is very sensitive to the potefitial.
deed, to our knowledge, only a few hundred cascades afeigure 1 is a typical example of the influence of the potential
presently available in Fe, involving different temperatureson the cascade morphology. In this example, which is typical
and primary knocked-on atofPKA) energies. A huge effort of all other cascades computed in iron in an energy range
is presently ongoing to construct a database of these cascadesm 1 keV to 20 keV with the same potentiala total of
in the framework of the International REVE project, a around 60 cascadgsit clearly appears that one of the Fe
project which aims at simulating irradiation effects in struc- potential predicts very dilute cascades with long replacement
tural materials. This drawback is drastically reduced by the collision sequence€RCS'’s, while the other produces more
BCA of MD, on the expense of an approximate treatment ofcompact cascades. It has been recognized for some time that
multiple simultaneous interactions. The BCA is several or-the primary state of damage is controlled at least by three
ders of magnitude less time consuming than MD and it therephenomena: RCS’s during the ballistic phase, mixing, and
fore allows reasonably significant statistics in the case ofesolidification characterizing the cooling pha$eRCS's
broad statistical distributions. The consequences of the agsossibly transport interstitials beyond the core region before
proximate treatment of simultaneous events are not all fullymixing starts. It has been observed many times that among
identified. However, the BCA can be grounded on MDthe interstitials, mainly those that are created outside the
results>~* Such an approach has been used in the past tmelted core survive recombination. The multiple interaction
investigate the origin and importance of the variance in sevnature of replacement sequences in face-centred-cubic metals
eral properties characterizing atomic collision cascades ihas been analyzed in detéif? and a method to correct the
crystals and polycrystafsin that work, the systematic com- BCA predictions with the help of MD simulations for the
parison between MD and its BCA also allowed distinguish-energy loss in RCS's was proposed.complementary work
ing ballistic from post-ballistic effects. In this respect, va- on the RCS mechanisms in bcc Fe and the influence of tem-
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To address these questions in detail, we use BCA poten-
tials parametrized so as to be close to the three interatomic
potentials the influence of which on the simulation of the
primary damage was investigated in a previous arfids.
the Marlowe package provides a large variety of pair poten-
tial functions, it is straighforward to use several of them for
modeling atomic collisions in iron. Building interatomic po-
tentials for Fe suitable for MD simulations, even simple pair
potentials, is not a trivial task, and a systematic study of the
influence of the potential range and stiffness on the results
requires good statistigén this work, the generation of more
than 100 000 BCA cascades was necegsary

The paper is organized as follows. In a first part we intro-
(@ duce concisely MD and its BCA approximation as well as
the different potentials used in this work to simulate dis-
placement cascades. The cascade expansion is characterized
using the component analysis technique which is briefly re-
minded. Before investigating systematically the role of the
range and stiffness of the BCA potentials on the RCS pro-
duction, we briefly present the characteristics of the MD po-
tentials usually connected with this aspect of the primary
damage. Finally we address the question of which factors
determine the cascade volume and density.

7 Il. ATOMIC-SCALE MODELS
A. Potentials
Whatever the model, the basic parameter in describing
FIG. 1. Cascade morphology: replaced atoms of Re)land Fe  atomic collision cascades is the potential from which forces
I (b) EAM potentials for a 20 keV MD cascade at 600 K at the endderive. Since, in practice, collision cascades involve too
of the displacement cascade. large systems to be described quantum mechanically, poten-
tials are established semiempirically. It turns out that the po-
perature can be found in another artitieThis later study, tential functions used nowadays are of two completely dif-
which also grounds the BCA model on MD results, sug-ferent origins, depending upon whether the equations of
gested that most linear collision sequences are short. Otharotion of the atoms are solved simultaneously or by means
BCA simulations showed that, probably, therefore, theirof the BCA. In the former approadtMD), a system is con-
length distributions and frequency of occurrence are not sigsidered as a whole and the evolution of its solid state toward
nificantly temperature dependéftThis agrees with previ- equilibrium is followed stepwise in time. The movement of
ous MD results showing that the drift temperature depeneach atom is governed by its global environment. In the lat-
dence of the residual defects and the defect clusterintgr, collision cascades are approximated by sequences of bi-
fraction is weak!® This has been confirmed in further MD nary encounters that are not influenced by the environment.
studies by Gao and co-workéels Hence, although RCS’s This approximation is too strong for slow particles in con-
involve many-body interactions, their contribution to the cas-densed matter but, as suggested below, simple models may
cade development may be well predicted by a suitable BC/&ignificantly improve the situation. Traditionally, many-body
model. potentials used to describe global environments are grounded
Previous work seems to indicate that it is the short-on solid-state properties of materials while binary encounter
distance interaction branch of the potential which is the mospotentials are grounded on statistical models of the atoms.
responsible for the differences in cascade morphologies lik¥ve now consider these families distinctly. In the many-body
those in Fig. ¥ Indeed, the energies involved in RCS's are approach, the force on an atom is derived from the configu-
typically of the order of a few ten eV, and the initiation of rational energy of the whole solid. This energy is expressed
RCS is thus governed by the short-distance interaction pags a sum of two terms
of the potential. The question of the displacement cascade
density and morphology seems to be also related to the short- £ 2 2 ¢
distance portion of the potential, as the differences men- ¢ < ¢ j (rij)
tioned above appear very early on in the cascade develop-
ment. The present work investigates thus the influence of thesherer;; is the vector joining aton to atomj, f is a pair
range and stiffness of repulsive potential branches on th&unction which describes the local environmegtis a func-
RCS length and distribution as well as on the cascade expation describing how the energy of atomdepends on its
sion and density. environment, andp is a repulsive pair potential. The repul-
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sive term¢ accounts for the Pauli exclusion principle and ¢(r)=exp(—a1r+a2r3’2+ agr?). (2.6)

the electronic interaction between nuclei. It is often taken as

a Born-Mayer exponential function. The environmental func-The coefficientsa;, a,, and a3 are given by Robinson
tion in Eq. (2.1) may be derived from the tight-binding €t al?®

model where the attraction between atoms results from the For the BCA calculations presented in this work, we gen-
broadening of partially filled valence orbitals into bands: in€rally use the Moliee potential systematically, taking the
this model, is expressed in terms of moments of the den-Screening length as a parameter. The Born-Mayer potential is
sity of states and the expansion is generally limited to théiSe€d when appropriate. It is given by

second momeri€ The functione can also be conveniently

grounded on the so-called embedded atom m@gaM),*° V(r)=AeXF< _ L) 2.7

in which the binding energy of an atom is regarded as the 12’ '
energy gained by the system when this atom is embedded,

into the local electronic background density of all the otherVith A=6893.87 eV and where the screening distaages
Iso taken as a parameter.

atoms. It is assumed that this function is made from thé® : . . . .
superposition of pairwise interactions. Whatever the ap- The '_””a”y'bOdY potentials previously |nvest|gatgd in MD
proach used, Ed2.1) is usually parametrized on the basis of calculations of displacement gasca‘ijaﬂe used in_the
elastic constants, the cohesive energy, the vacancy formati esent work as We". and they will be referred to as Fe I, Fe
energy, the lattice parameters, and other quantities represe -and Fe Ill. They W'I_I serve to ground the_: BCARCS model
tative of the equilibrium solid state involving characteristic on MD. These poten_tlals have be_en published elsewh_ere and
interatomic distances of the ordeff A . Potentials used in th? _forms fqr the d|ﬁereqt funct|on§ can _be found m_the
the BCA are traditionally designed for close encounters an(‘j’”g'n""I publications. Fe_ | is a potential Qerlved by Harrison
they account for electrostatic repulsion between nuclei amf'i".“_j co-worker@ (pote'ntlal Iat.)eled.FEB in Ref. 271t was

for the screening by the atomic electron distribution, Which|n|t|aIIy designed for interaction distances greater than 0.1

is usually neglected in potentials based on E2j1). The nm. Fe Il is a potential derived by Haftel and co-workérs

screening function was derived from the Thomas-Fermi sta(Potential labeled 4 in Ref. 28Fe Ill was derived by Simo-

tistical model of the atorf? This function was approximated nelli and co-workerg? To make these potentials suitable for
by Moliére who used the.screening lendjth displacement cascade simulation, it is necessary to modify

the short-range part corresponding to close encounters. Most
972\ 13 of the hardening efforts are concentrated on the pair compo-
arg= (m agZ " (2.2 nents since the scattering is expected to be dominated by the
repulsive part of the potential. For these components, one
whereZ is the atomic number andg=0.52 A is the Bohr usually uses at short range [ess than 1 A screened Cou-
radius. For heteronuclear interactiori,is often approxi- lomb potentials such as the ZBL potential. For intermediate
mated by ranges, one typically utilizes Born-Mayer-type potentials
similar to that published by Maurgt al° to give the appro-
z:(z';+z§)k’, (2.3 priate threshold displacement energies. All these functions
_ ] ) are joined by smooth interpolation schemes. Continuity be-
where k=2 or k=3/2 with k’=1/k according to Firso¥  tween different branches is ensured at the knot points up to
and Lindhardet al** respectively, ok=0.23 andk’ =3 ac-  their first derivatives. The electron density and the embed-
cording to Ziegler and co-workef§ The screening length is  ding modification schemes vary from one author to another.
also often used as a parameter. Whatever its expression, mgst | was hardened by Turbaftefollowing the procedure of
of the available close encounter potentials can be written aprmneckeet al,*2 Fe I hardening is based on the work of

Vascon and Doaft and the description of Fe IIl hardening

V(r)= 212, r (2.4 can be found in an article discussing the role of Cu in dis-
r al’ ' placement cascadés.
ith Repulsive branches can be characterized by two param-
wi eters: their range and their stiffness. If one denotes the range
. " by p, the stiffness may be defined by
=2 ajexg —Bj=|. (2.5
“a oA P h=|V,—,V(r)], 2.8

In the Moliere version,n=3, while n=4 in the Ziegler ~where V(r) is the potential function. For close encounter
version. The latter is often referred to as the “universal” or potentials, a natural choice for characterizing the range is the
the Ziegler-Biersack-Littmark(ZBL) potential. The ZBL screening length which is, typically, a fraction of the Bohr
function results from a huge series of quantum mechanicaiadius. In practice, the interaction energies associated with
interaction energy estimates, using nonrelativistic Hartreesuch small distances are in the 10 keV range. In atomic col-
Fock atomic wave functions. Using a similar approach, butision cascades, however, the largest amount of encounters
including relativistic corrections, leads to the so-called “av-occur at much lower energies and such small distances are
erage modified Lenz-Jensens” potentdIMLJ) where the thus not quite representative. Similarly, as MD potentials are
screening function may be writtenZas concerned, first-neighbor distances between atoms at their
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TABLE I. Characteristics of the three Motie potentials matched to the repulsive branch of the EAM

potentials used, in the 0—200 eV energy region, compared to the characteristics of the corresponding three
pair potential components.

Moliere I Moliere lII Moliere | Fell Fe lll Fel
Screening lengtla,, (A) 0.0653 0.0781 0.112 - - -
Rangep at 30 eV(A) ~1.05 ~1.2 ~1.6 ~1.03 ~1.19 ~1.57
Stiffnessh (eV/A) at 30 eV ~220 ~180 ~120 ~140 ~140 ~140

equilibrium sites are also not quite representative of collisiorfifth-order GEAR predictor-corrector algorithm. The neighbor
cascade situations. Therefore, in what follows, the range o$earch is done through a linked cell method combined with a
repulsive branches will be arbitrarily characterized as the disVerlet list*® This makes the code fully linear with the num-
tance at which the interaction energy is 30 eV. In the case dper of atoms. The interatomic potentials are tabulated and
the close encounter potentials used in the BCA, there is developed according to the EAM.In order to simulate dis-
univocal relation between range and stiffness. The shorter th@lacement cascades, the following commonly used approxi-
range, the larger the stiffness, whatever the interaction erhations are made. The effect of electron excitation is ig-
ergy. The situation is different, by construction, for the re-nored. No damping forces are applied to the boundary atoms.
pulsive branches of many-body potentials. For the EAM po-Periodic boundary condition®BC'’s) are used with a choice
tentials used in the present work, the stiffnesses at 30 eV a@f the simulation box size depending upon the energy of the
equal while the ranges are different as can be seen Table IPKA. At the beginning of the simulation, the system of par-
We adjusted the screening length of the Madipotentials  ticles is let to equilibrate for 5 ps. More detail on the proce-
so as to be close to the repulsive branches of the three EAMure can be found in a previous artiéle.
interatomic potentials in the 0—200 eV energy ratsee Fig. The MARLOWE program was used to model atomic colli-
2). Table | summarizes the characteristics of the three EAMsiONn cascades in the binary collision approximation. The
pair components and of their three “corresponding” BCA model is described through an extensive literature. A basic
potentials. reference is given by RobinsdhCollision cascades in bulk
materials are described as sequences of binary encounters
between which atoms move freely along their scattering as-
ymptotes. Individual collisions are governed by pair poten-
tials that may have an attractive compon&tithe potential
Full MD has the advantage to model the time evolution offunction is used to estimate the scattering angle and the time
a box of atoms as a whole. It may be viewed as a method dhtegral in each binary collision. Integration is achieved by
solving numerically and stepwise in time a large set ofmeans of a quadrature with tunable accuracy. The scattered
coupled simultaneous equations of motion and suitable algand recoil atomic momenta, as well as the exit asymptote
rithms allow to make the computer time required thereforepositions, are calculated using that scheme. In the present
only linearly growing with the number of particles involved. study, electron excitations have not been modelled. The bi-
The MD code we usepYMOKA, is a slightly modified ver- nary collisions are chronologically ordered. The number of
sion of cocMp (Ref. 39: a user-oriented code developed to collisions undergone by the moving atoms is limited by a
perform Metropolis Monte Carlo and classical MD model- maximum impact parameter value selected by the user. In the
ing. The Newton equations of motion are integrated using g@resent study for iron, it is chosen a little larger than the first
neighbor distance. Energy parameters are available to model
Moliere II Fe lll the binding of atoms to their lattice site and to cutoff their
Fell \ /Moliére m trajectories. In a collision, a target atom is set into motion if
200\ i it receives a kinetic energy higher than the sum of its binding
\\\\/ \ \\ energy and a cutoff energy threshold. It stops when its ki-
\\ Fel netic energy falls below this theshold. When this happens, if
the recoiling atom receives sufficient energy to be set into
motion, the projectile is considered to replace the target at its
lattice position. Otherwise, it is considered as an interstitial.

B. Full molecular dynamics and its binary collision
approximation
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In the BCA simulations used for the present discussion, the
cutoff energy threshold;,, and the binding energy of the
atoms to their lattice sites are both taken as equal to the
cohesive energy in iron. In replacement collisions, however,
the binding energy is either considered as zero or matched to
MD results as shown below and discussed for fcc htd

structures? This way, collision statistics and displacement
cascade morphologies, as obtained by full MD and its BCA,
are in good aggreemenf.

FIG. 2. Repulsive pair componeritg in Eq. (2.1)] of the three
MD potentials compared to the three Makepotentials adjusted in
the 0—200 eV energy range.
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< 50 TABLE II. Total energy losgat 0 K) per collision(eV) along

3 (100) and(111) for the three MD potentials.

> 40 T

o

E’ 30 Fe ll Fe lll Fe

w o, (100 replacement sequence 3.05 2.52 1.668

-..‘:’ (111) replacement sequence 1.56 0.75 0.401

Q 10 4

k=

X 0 ' ‘ in the direction of the replacement sequences, the third peak
0 100 200 300

to that of the PKAs second neighbdor the second atom
1018 Time (s) first neighbor along the replacement collision directjand
so on. The energy loss along the collision sequence appears
FIG. 3. RCS's along thé100) direction. MD simulation with Fe  to be rather constant. This constant energy loss was also

Il EAM potential. The PKA initial energy was 50 eV. found in fcc metald? and the mechanism was identified. The
energies involved in RCS'’s are typically of the order of a few
C. Cascade morphologies ten eV and they are conveniently viewed as sequences of

Component analysis has been used in this work to chadistant binary events that overlap in time. Using this ap-
acterize the cascade size. This technique associates one ellfjoach, one can determine the position of the turning point of

soid to each individual displacement cascade, which acthe projectile in a RCS, which is reached at midcollision with

counts for its spatial extension and its morphology on thd!€ next atom in the row. This turning point, corresponding
basis of its intrinsic characteristié®.It is thus useful for O the distance of closest approach, is typically close to the
making comparisons between cascades. The information pri2tersection point between the row axis and the transverse
vided by this method is the direction of three orthogonal axe®/ane determined by the ring of atoms neighboring the row.
that are associated to the spatial point defect distribution anfherefore, the interaction with this ring and the next atom in
the variance of this distribution projected onto them. Theth€ row are not separated in time. It was found that, for this
major axis has the direction maximizing the variance, the©ason, the ring contributes to slow down the projectile on its
second maximizes the variance of the distribution projected@th toward the ring? Its acceleration after passing the ring
onto a plane perpendicular to the first, and the third one hal$ Prevented by the interaction with the next atom in the ring
the direction minimizing this variance. In what follows, sub- N Such a way that the kinetic energy lost on the path toward
cascade formation is not taken into account. Therefore eadi€ NG cannot be restored, hence the energy loss. From this
cascade is associated with one single ellipsoid which ad?Cture, it comes out that the energy loss depends on two
counts for its spatial extension. This ellipsoid defines thd@ctors: namely, the potential range, on which depends the
vacancy cascade core volume from which the vacancy derjocation of the turning point with respect to the ring, and the

sity is derived. Statistics have been accumulated in the BCROtential stifiness, on which depends the strength of the in-
over 1000 cascades. teraction with the ring. Table Il presents the energy loss per

collision along the(100) and(111) directions for the three
EAM potentials. These results indicate that it is the shortest
range potential(Fe Il) which induces the largest energy
Before going into the details of the BCA results, we no-losses per collision in the sequences, no matter the direc-
tice that Fig. 1a) exhibits very long RCS’s. Long RCS’s are tions.
thus possibly a feature of atomic collision cascades. Since It is known that, whatever the potential function, low-
RCS’s have been shown to be important in the creation oénergy collision sequences tend to focus momentum along
residual point defects in Fé,we present in this section some close-packed directions while focusing is not possible at high
characteristics of the MD potentials related to the RCS proenergy. A threshold energy between the two regimes can be
duction: mainly the energy losses during collisions and theletermined as was already done in the past by ¥1B,as
focusing thresholds. well as analytically}? A detailed analysis is given by
The amount of energy lost during the collisions plays aRobinson'! Table Il presents the focusing threshold along
decisive role on the RCS length. Figure 3 shows an exampl¢l11) and (100 at 0 K for the three MD potentials. The
of the variation with time of the kinetic energy in{d00) thresholds were determined using the method derived by Er-
replacement sequence at OK for Fe Ill in MD. The figureginsoy and co-worker&: In a perfect lattice, one atom is
displays a series of curves, each one containing one pealfiven a momentum along one direction. The ratio between
Each curve corresponds to one atom in the replacement sthe angle of the incident atom with respect to the row axis
quence. The first atorfwhich will be referred to as the PKA and that of its neighbofalong the chosen directipmat their
for the sake of clarityis initiated with an energy of 50 eV. maximum kinetic energy is determined for various momen-
Its kinetic energy decreases while it exits from its potentialtum and incident angle. The focusing threshold is the first
well and interacts with a ring of neighbor atoms at the samenergy value for which this ratio is larger than one. As ob-
time as with its first neighbor along the replacement directiorserved by Erginsogt al,*! the focusing thresholdtd® K is
(here (100)). The next peak corresponds to the temporalnot very sensitive to the angle between the momentum of the
dependence of the kinetic energy of the PKA's first neighbotinitial particle in the sequence and the row axis.

D. Characteristics of the MD potentials
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TABLE Ill. Focusing thresholdeV) at 0 K along(100) and

600-
(111) for the three MD potentials. (7)) e
] e . (a)
O 550 N
Incident angle (deg) Fell Felll Fel Erginseyal.? 5 500- ’\
(100 § 450 .
.
11.31 36 26 26 E 4004
2.86 36 28 24 18 € 350- ..
< AN
0.63 36 28 24 .
8 3004 N
(111 2 o550 ®
7.33 22 20 24 0.055 0.060 0.065 0.070 0.075 0.080 0.085 0.090 0.095
5.77 20 20 24 . Screening length (A)
1.84 20 18 22
aReference 41. 4004 (b)
350}
Ill. RESULTS 300-

—m—2a,,=0.0586 A
—v—a,,=0.0703 A
~®2,=0.0820 A
—A—3a_=0.0937 A

b

We now investigate, in a systematic manner, the influence 8 2504

of the potential stiffness and range on the amount and length$ 200

of RCS’s created. Such a study is conveniently done in the § 150
T

BCA. AN
% 100 S
L) N
. . . 504 AN
A. Potential range and stiffness influence on the RCS A \
? - 0 .k}bﬂ = 1
production 5 4 6

1. Influence of the potential on the energy losses during the RCS length (collision number)

RCS production . . . .
) ) ) , FIG. 4. Influence of the screening length in the Magigotential
In the BCA, neither the dynamic overlap in the RCS’s norgn the RCS’s.(a) Mean number of RCS’s as a function of the

the many-body potential component are properly accountegcreening lengtib) RCS length frequency distribution for different
for; however, consistently with the picture developed in thevalues of the screening lengths (.
previous section, Table IV shows that the stiffer the repulsive

potential—and thus the shorter the potential range—the morgeijr length. Figure 4 shows the mean number of RCS’s pro-
separated the interaction with the ring and the next neighbaguced and their length distribution as functions of the screen-
and the smaller the energy loss. ing length in the Moliee potential. It indicates that the num-

It is interesting to notice that the difference in the energyper of RCS’s is a decreasing function of the Screening
losses between the three MD potentials is not as pronounceflstance and thus of the range of the potential. In other
as the difference between their corresponding Meljgoten-  \ords, the larger the contribution of the environment, the
tial when used in the BCA. In contrast with screened COU'lower the number of RCS’s. The reason Why the number of
lomb potentials, for which the stiffness is a monotonousrCS's is a decreasing function of the potential range is not
function of the range, the MD potentials are usually con-gpvious and requires a better understanding of the conditions
structed from different functions spliced togetheee, for  for RCS production. The explanation comes out an analysis
instance, Ref. 43 or Appendix A of Ref. #4nd both poten-  of the focusing energy threshold.
tial characteristics are independent parameters.

3. Influence of the potential on the focusing thresholds

2. Influence of the potential on the number of RCS'’s . o )
The focusing thresholds for the three Mogepotentials

Another aspect of RCS production is the influence of theyre reported in Table IV. Since in the BCA the asymptotes of
potential characteristics on their production efficiency a”%article motion are well known, to evaluate momentum di-
rections and, thus, focusing thresholds is rather straightfor-
ward. As can be seen in Fig. 5, the focusing threshold varies
significantly with the screening length. The higher the
screening length, the higher the focusing threshold and the
higher the energy at which focused sequences will take
place.

TABLE IV. Energy loss(at 0 K) per collision(eV) along(100)
and(111) and focusing threshold for the three Makepotentials
mimicking the three MD potentials.

Moliere Il Moliere Il Moliere |

(100 replacement sequence 0.04 0.5 13.998 The ratio between the focusing threshold eneligs, the
(111) replacement sequence 0.003 0.07 5.567 energy of the first atom of the RCS’s for which focusing
Focusing thresholdeV) ~7 ~20 ~80 startg and the energy loss per collision gives an indication of

the length of RCS'’s which will be produced in the cascades.
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S 100 TABLE V. Energylloss(at 0 K) per coIIisionng) along'<100)
() and (111) and focusing threshold for the Mol potential and
= %07 —m—<111>sequences Born-Mayer potential mimicking Fe IIl.

% 80] —@—<100> sequences o

-“C, 70 / Energy loss per collisioeV)
@ 60+ ~

£ 50 / Moliere lII Born Mayer lII
g’ 404 (100 replacement sequence 0.5 0.43

@ 304 / (111) replacement sequence 0.07 0.05

8 20{ g Focusing thresholdeV) ~20 ~19.5

L 10

0.075 0.080 0.085 0.090 0.095 0.100 0.105 0.110 0.115 _ _ o

. A tial, namely, by matching to the MD potentials in the energy
Screening length (A) region involved in RCS's, typically below 200 eV. For each
MD potential we thus dispose of two pair potentials similar

FIG. 5. Focusing threshold as a function of the screening length - . - -
in the Moliere potential. Results are shown in cases where the initia n the 0-200 eV region, but very different at higher energies.

direction makes a small angle with(200) and a(111) direction. igure 6 displays the tW(_) pair potentials mimicking Fe Il
For these two potentials, the energy losses in RCS are

Considering Table IV and Fig. 5, it appears very clearly thatonly slightly different as can be seen in Table V. This fact is
even though Moliee Il has a lower focusing threshold than consistent with the results of Fig. 7 which shows that both
the other potentials, it should produce longer RCS's than theeries of potentials predict similar RCS numbers and lengths.
other two potentials. More generally, the higher the screening hese results indicate that, as expected, most RCS'’s develop
length, the longer the RCS’s should be, despite lower focusin the energy range of good matching between Meliand

ing thresholds. This is what is observed in Fig. 4, even if theBorn-Mayer potentials. One may add that in all the BCA
RCS’s produced are much shorter than what could be exesults investigated, no replacement was detected at energies
pected from the energy loss and focusing threshold given iligher than 200 eV.

Table IV. The fact that the RCS's are predicted short what-
ever the potential stiffness or range is investigated in more
detail elsewheré! This potential adjustment allows us to address the ques-

It comes out of this first part of the discussion that thetion of which factors determine the cascade volumes, mor-
shorter range or the stiffer the BCA potential in the 0—200

2. Cascade volumes and densities

eV range(it is not at this point possible to determine which 300 -
parameter is the most prevalgnthe lower the focusing 250 \ Born Mayer Ill
threshold and the more important the RCS production. This % 556 \((/Moliére 1l
is confirmed by the results of Table V and Fig. 7, below = \
(which are discussed in more details in Sec. lll)Bathich .g 150 .
indicates that a I:%orn-Mayer potential adjusted so that it is S 100 \
close to the Moliee potential in the 0-200 eV produces ° \\
similar energy losses, similar focusing threshold and thus @ 50 x
similar RCS length and number as the Modigootential. 0 : -
We now turn to the other important difference in the cas- 06 1.4 1.6

cade morphologies presented Fig. 1: their density. The dis- .
placement cascades obtained with the MD potential Fe Il are  (a) Distance (A)
very lose and dilute, while the cascades produced with the
other two potentials are much more compact. BCA potentials 5000 :
are thus used to seek for an explanation of these behaviors. 4000 )

. E \ “-_ Born Mayer llI

B. Cascade fexpansmn - E 3000 \ // Moliere il
We now address the question of what determines the cas- = 2000 :

cade expansion. In this aim we compare the predictions of [ \\
Moliere and Born-Mayer potentials. The interest comes from g 1000
the fact that, at short range enough, the Maipotential is \\
always stiffer than the Born-Mayer potential while they 001 0‘6 1‘1 1‘6

match at larger distances. This will allow to single out the
role of close encounters in the cascade expansion.

1. Adjustment of the two potentials

(b)

Distance (A)

FIG. 6. The Molige and the Born-Mayer potentials matched to

The screening parameter in the Born-Mayer potential ighe repulsive branch of the Fe Iila) Complete energy range and

adjusted the same way as was done with the Meljgten-

134104-7
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FIG. 9. Displacement cascade volume distributions obtained
with the Moliere potential matched to the repulsive branch of the Fe
Il (solid circles and Fe Ill(open circle§ potentials.

First, since the focusing threshold is in the energy range of
good matching between the potentials, they do not play a
significant role in the cascade expansion. Second, Fig. 8
tends to indicate that the potential with the shortest range at
high energy predicts, the less compact cascades. Indeed the
volumes presented in Fig. 8 are obtained by adjusting the
vacancy-interstitial recombination distance in such a way
that the numbers of Frenkel pairs predicted are similar. Cas-
cades with smaller volumes are thus denser. The same trend
is observed for volumes obtained with two different Matie
potentials, mainly the one mimicking Fe Il and the one
mimicking Fe 1l. Moliere 1l is stiffer and larger range than
Moliere Il and it predicts smaller and thus denser cascades

phologies and densities. In Fig. 8, cascade volume distribugig. 9). These results suggest a possible interpretation of the

tions are sh

own, as obtained in the BCA with the Midl|

cascade morphologies as displayed Fig. 1. The MD potential

and the BM il potentials. The distributions are both quite Fe || is the shortest range among the three Fe potentials and
broad. Their full width at half maximum is equal to or larger it produces the least dense displacement cascades. In dense
than the modal volume value. It however comes out thatcascades, RCS's are more likely to be interrupted than in
despite the good potential matching in the 200 eV range angjjute cascades, and the interstitials created by the RCS's,
below, the cascade expansion with the BM potential is genremaining in more disordered zones, are then more likely to
erally much larger than the one obtained with the Melie recombine than when they are created away from the cascade
potential which is stiffer and larger ranged at high energycore. Thus the cascade density appears to play an important
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0.28 1
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Volume (a*)

2000 8000

role in the number of long RCS’s and thus in the number of
post-recombination surviving Frenkel pairs. This study indi-
cates that the high-energy rangaove 200 eV of the po-
tential strongly influences the cascade volume and thus its
density. The cascade evolution can be investigated more
comprehensively by considering the energy threskgjde-
fined in Sec. IIB as a parameter.

This displacement threshold is conveniently tuned in the
BCA and cascade volume distributions can be constructed. In
Fig. 10, we show the results obtained f&f,=Epga/2",
wheren is varied fromn=5 ton=10, andEpk4 is the initial
energy of the PKA. Since one relevant characteristics of
these distributions is the modal volume, denoted here as
Qy, its value can be evaluated as a functiomoThe same
can be done with the anisotropy factor distributioflg, and

FIG. 8. Displacement cascade volume distributions obtainedh€ modal anisotropy factor are represented as functions of

with the Moli

ae (open circley and the Born-Mayefsolid circles

in Fig. 11. From this figure, it is seen that, at the highest

potentials matched to the repulsive branch of the Fe Ill EAM po-energies, the volume increases close to linearly witnd,

tential.

for n=<7 (E,=150 eV for a 20 keV PKA, it thus scales
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FIG. 10. Cascade volum@),(b) and anisotropy factofc),(d) distributions for different values of the cutoff energy threshiglqd. The
distributions are represented fiaf, = Epga/2" With n varying from 5 to 10. The last channel in each distribution accumulates all the higher

values. The initial energy of the PKApka, is 20 keV.

with v. Since the number of displaced atoms also increaseis a faster decreasing function of in the highest-energy
linearly with n, the cascades expand at constant displacememange, which means that the lowest-energy displacements

density. The expansion does not proceed M9 (E;,
=40 eV for a 20 keV PKA. Similarly, the anisotropy factor

1400
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4155

45.0

14.5
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FIG. 11. Modal cascade volumes and anisotropy factor as

function of n, estimated from the results given in Fig. 10.

J0)oe} Adosjosiuy

contribute to self-similar expansion while high-energy dis-
placements contribute to elongation. Since neither the vol-
ume nor the anisotropy are significantly affected fiez9,
lower-energy displacements can only contribute to cascade
densification. This energy is somewhat above the focusing
threshold and RCS'’s thus mainly contribute to densification.
Furthermore, in the BCA calculations presented in this work,
the displacement threshold used is set equal to the cohesive
energy(4.28 e\). Hence, according to a Kinchin-Pease argu-
ment, the number of atoms that have moved above this
threshold value isvgca=1870 (the number of atoms dis-
placed at the peak in MD cascades is about 4 times larger
Since the cascades are not expanding further thannfor
=9, which corresponds t@=200, it comes out that the
cascade volumes are determined by 1P%Nn=9)/vgcal
highest-energy recaoils in the cascade.

IV. CONCLUSIONS

a We have investigated the influence of different parts of
the repulsive potential in the RCS production and cascade
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expansion as MD simulations pointed out that striking differ-extension and its density, i.e., the number of Frenkel pairs
ences are possible. As the Marlowe package provides a largeoduced per unit volume, seem also to be dependent on the
variety of pair potential functions and allows one to adjustpotential range at higher energies. We suggest that the defect
their parameters very conveniently, we explored in a systemdensity and thus the disorder may significantly interfere with
atic and statistical manner the influence of the range anthe RCS propagation, especially in the case of long se-
stiffness of the BCA potentials on the RCS frequency distri-quences. It was also shown in this study that the cascade
butions and lengths. From these results, the RCS model usegatial expansion is determined by a limited amount of
in the BCA was carefully tuned on the basis of the energyhighest-energy recoils. The cascade extension and density
loss estimated by full MD. The energy range for RCS pro-and not only the RCS production are thus to be considered to
duction is 0—200 eV and similar amounts of RCS are generevaluate the primary damage.

ated by repulsive potentials exhibiting similar stiffness and
range in this energy range. The shorter range or the stiffer the
potential in the BCA, the lower the focusing threshold and
the more important the RCS production. However, the RCS This work is part of the REVEUvirtual reactoy project
production is not the only parameter governing the primarywhich aims at simulating the irradiation effects in structural
damage and this work points out that the cascade spatiahaterials.
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