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The displacement efficiency E(E) for damage production by energetic iron atoms in o. iron was computed
by simulating complete elastic collision cascades in a bcc atomic array on a high-speed computer. Energies
in the range 0.1 ~& E &~30 keV were considered. Above 1 keV, E(E) decreased monotonically as a consequence
of progressively more frequent knock-on channeling. Relative to their values in the low-energy, non-
channeling range, the energy-dependent displacement efficiency given by this study and that given by
Sigmund's theory are in agreement. Our extrapolated X(E) value at 50 keV was 0.6 that at 1 keV. Damage
production by primary knock-ons, per se, was attenuated by quasichanneling. Pure channeling was ob-
served only for higher order knock-ons. In the case of reactor irradiation, the computed E(E) leads to an
over-all damage reduction of 35% relative to that predicted by simple cascade theory. This indicates that
the ignoration of channeling effects (crystal structure) in simple cascade theory is not totally responsible
for its overestimation of damage production by at least a factor of 2.

'HE possibility that injected keV-energy atoms or
ions follow open channels along the principal

crystallographic directions in a target crystal was sug-
gested by the results of machine calculations which
treated the exact crystal structure of the target. In this
regard, we observed channeling in our collision cascade
calculations for the square planar lattice and wurzite
structure (BeO),' ' and Robinson and Oen' observed it
in their penetration and range calculations for cubic
structures. This effect was subsequently verified by
Piercy et a/. ' in ion bombardment experiments wherein
the ion beam was oriented perpendicular to the principal
crystallographic planes of single crystal targets.

Specific examples of knock-on atom channeling,
during the evolution of a collision cascade, were first
given by our cascade calculations. ' This note sum-
marizes similar computer experiment results for bcc iron
in the form of a displacernent function g(E) for elastic
atomic collisions. The displacement function is the
average number of atoms displaced in a cascade initiated
by an atom of energy E. The computational model used
is described elsewhere in detail. '' In short, it was
assumed that a collision cascade could be described as a
branching sequence of binary collision events deter-
mined by a repulsive interaction potential between a
moving atom and a stationary lattice atom. A screened
Coulomb potential was used to determine the distance
of closest approach, ro, and the scattering angle was
taken to be the hard-sphere scattering angle associated
with the collision diameter defined by ro. In the final

paragraph of this paper a comparison test is described
which indicates that the damage production results

*%ork supported by the U. S. Atomic Energy Commission.
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(International Atomic Energy Agency, Vienna, 1962), Vol. I,p. 43;
J. Phys. Soc. Japan 18, Suppl. III, 159 (1963).' J. R. Beeler, Jr. and D. G. Besco, J. Appl. Phys. 34, 2873
(1963).

3M. T. Robinson and O. S. Oen, Appl. Phys. Letters 2, 30
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given by this approximation are in close agreement with
those of a more exact model.

Given an energy in the range 0.1—30 keV, iron atoms
were emitted from a point Tnidway between two lattice
sites in the bcc iron lattice along sixteen randomly
selected directions within the monchamselieg directional
range associated with this point. The displacement
function for this energy was taken to be the average
number of atoms displaced in the sixteen collision
cascades and written in the form

g (E)=1+K(E)E/Ed,

where 8 is the atom energy and E~ is the displacement
energy. K(E) will be referred to as the displacement
eKciency. Of the several simple cascade theory models,
i.e., those which assume that the lattice structure can be
replaced by a randomized solid, the displacement
criteria used in the Snyder-Neufeld model' are most
similar to those used in the present study. The pertinent
displacement energy for use in a comparison of our
results with those of simple cascade theory is 16 eV, in
that we used 4 eV as the sublimation energy for iron.
The basis for these statements is fully described in an
earlier publication. '

A plot of K(E) is given in Fig. 1 along with the dis-
placement efficiencies of four other models. It was
clearly demonstrated that the monotonic decrease in
K(E) for E) 1 kev was the result of knock-on atom
channeling and quasichanneling' by plotting the cascade
trajectories. Channeling inhuence is seen to be barely
perceptible below 2 keV. This result is consistent with
those of Erginsoy and Vineyard' who found no evidence
for the channeling of iron knock-on atoms with energies
of 1 keV or less in their machine calculations. They did

s W. S. Snyder and J. Neufeld, Phys. Rev. 97, 1636 (1955); F.
Seitz and J. S. Koehler, Solid State Phys. 2, 305 (1956), see pp.
380—385.

6Damage is produced in quasichanneling but not in pure
channeling. Specifically, quasichanneling behavior includes un-
stable low-index channeling and movement in higher index
channels.

C. Erginsoy and G. H. Vineyard (private communication).
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An iron specimen of the size used by Chow eI al."was
assumed. Damage reduction was 35% for irradiation by
6ssion neutrons (average energy i=2 MeV). Reduc-
tions of 32 and 22%, respectively, were obtained using
a test-hole spectrum of a water-moderated reactor,
E=0.94 MeV, and that of a graphite-moderated
reactor, E=0.11 MeV.

Let us refer to the scattering approximation used in
this study as the screened Coulomb hard-sphere (SHS)
model and a scattering treatment using the Born-Mayer
potential 2 of Gibson et ul." and the exact scattering-
angle solution for this potential as the BME model. The

"J. G. Y. Chow, S. B. McRickard, and D. H. Gurinsky,
Radiatiort Damageil Solids (International Atomic Energy Agency,
Vienna, 1962), Vol. I, p. 277."J.B.Gibson, A. N. Goland, M. Milgram, and G. H. Vineyard,
Phys. Rev. 120, 1229 (1960).

SHS model overestimates the scattering angle in a
comparison with the exact scattering angle for the
screened Coulomb potential. Because of this we inferred
an overly pessimistic judgement of the SHS model in a
recent article' which should be corrected in view of
subsequent results which will now be outlined. The
cascade program was rewritten to accept an arbitrary
potential and scattering-angle energy-transfer matrix.
Calculations were then made for copper using both
models and identical sets of initial conditions. The
numbers of displaced atoms given by the two models
agreed within 5% and the atom range given by the
BME model for 1—5-keV atoms was about 20% larger
than that given by the SHS model. Ke feel this com-
parison indicates that the realism of the SHS model
damage results is nearly comparable to that of the BME
model.
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Precision measurements were made of the ditferential length expansions (AL'/L' AL'/L') and differ-—
ential x-ray lattice parameter expansions (Aa'/a' —Aa'/a') between specimens of pure aluminum and two
dilute aluminum base alloys containing 0.52 and 0.94 at. 'P& silver during slow reversible heating and cooling
between the solidus and the solubility limit temperature. Absolute differences between the equilibrium
vacancy concentrations in each alloy and the pure metal were then obtained from the relation

AC, =C ' —C, =3(AL'/L' —AL/Le) 3(Aa'/a' —Aae/ao). —
Here, C„is the equilibrium vacancy concentration and AL/L and Aa/a are length and lattice parameter ex-
pansions. The prime and zero superscripts refer to the alloy and pure aluminum, respectively. Since C, is
known from previous measurements, these diGerential data serve to determine C„.The differential length
and lattice parameter measurements were carried out using the same general technique previously employed
in the determination of equilibrium vacancy concentrations in a series of pure face-centered cubic metals,
and yielded a relatively high precision in the determination of the extremely small difterences involved.
The addition of silver caused only small increases in the vacancy concentration. Values of DC, equal to
(13&5)X10 ' and (12+5)&&10 ' were found for the 0.52 and 0.94 at.% silver alloys, respectively, at their
solidus temperatures. These increments correspond to &(23% of the concentration in pure aluminum. The
results for both alloys could be htted, within the estimated uncertainty of the data, to a simple Qrst-order
vacancy-solute atom binding model, where

AC„=12C,C, Lexp( —S„,/k) sexp(E„,/kT) —1$.

Here, C, is the solute concentration, and the best value of the binding energy, E„~,was found to be 0.08 eV
for an assumed binding entropy S„'=0. This value was of the order generally expected from previous exper-
iments. The significance of the apparent agreement between the data and the model were discussed.

I. INTRODUCTION

A BSOLUTE measurements of the concentration of
vacant atomic sites in thermal equilibrium in a

number of pure face-centered cubic metals at elevated
temperatures have been carried out by Simmons and

*Supported in part by the U. S. Atomic Energy Commission
Contract AT (11-1)-1198K.

BalluS' 4 and d'Heurle et al.s The basic method used
in these measurements has been to observe the differ-
ence between the macroscopic expansion, AL/L(T„),

' R. O. Simmons and R. W. Ballutir, Phys. Rev. 117, 52 (1960).
2 R. O. Simmons and R. W. BallufB, Phys. Rev. 119,600 (1960).' R. O. Simmons and R. W. BalluS, Phys. Rev. 125, 862 (1962).
4R. O. Simmons and R. W. BallufI5, Phys. Rev. 129, 1533

(1963).
~ F. H. d'Heurle, R. Feder, and A. S. Nowick, J. Phys. Soc.

Japan 18, 184 (1963).


