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the short-range electronic interaction between the
defects themselves, is therefore needed to further the
present understanding of defect kinetics.

Finally, we note that the description of defects
annealing to sinks is more easily achieved than that of
the production of point defects by sinks, for while

jumps into the sink may be well represented on the
average by the jump time formalism, certain jumps of
point defects out of sinks which are involved in breaking
down sink geometries of high syrrunetry may well be
constrained by other energetic considerations. The
abrupt decay of stacking-fault tetrahedra at tempera-
tures above 600'C is an example of this type of process

in which the diffusion from the sink is limited by a
surface reaction at the sink. It seems reasonable to
assume that vacancy production of crystal boundaries
other than those parallel to atomic planes, and at the
surfaces of voids, is not restrained in this fashion.
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Radiation damage has been studied by numerically integrating the equations of motion of a large set of
atoms on a high-speed computer. In this paper the method is applied to a model of a iron. Low energy events
have been extensively investigated. The primary knock-on atom is found to initiate an extended sequence
of correlated replacements, producing an interstitial at some distance and a vacancy on its original site.
The interstitial is found to have a split configuration, as was found earlier in copper, but its axis lies along
(110).Collision chains are found to be prominent in (111)and (100), and attenuation rates and focusing
parameters for these chains are determined. The threshold energy for displacing an atom is found to be
highly dependent on the direction of the knock-on. The lowest threshold is found to be 17 eV, for knock-ons
directed near (100), and to be about 34 eV and 38 eV for those directed near (110) and (111),respectively.
The probability of displacement for a randomly directed knock-on of energy E is determined for E between
0 and 60 eV. The results are in approximate agreement with experiments of Lucasson and Walker, although
more structure is found in the calculated curve than could be tested by the experiments. Pronounced direc-
tional effects in low energy electron bombardments of a iron single crystals are predicted.

1. INTRODUCTION

HE processes by which radiation damage is
produced in a crystal have recently been investi-

gated by a new method in which the classical equations
of motion of a set of several hundred to a thousand
atoms are integrated on a high-speed computer. The
atoms are allowed to interact with fairly realistic
central forces augmented by special forces on the atoms
at the edge of the set designed to simulate the influence
of surrounding material. Initially the atoms are at rest
on the sites of a perfect lattice, and the start of a radia-
tion damage event is considered to be the sudden transfer
of momentum to one of the atoms (the primary knock-
on) by an irradiating particle. The primary knock-on
then energizes other atoms in a complex many-body
process, and when the agitation dies away the model
crystallite is left in a damaged state. Since the primary
knock-on may have any momentum, within wide limits,
a series of calculations for representative initial condi-
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tions must be made. No presuppositions about the
nature of the lattice defects or about thresholds for
their production are made —such information is an end
product of the calculations. The chief assumption which
must be made is the form of the interatomic potential
energy, and a number of experimental and theoretical
requirements are imposed. Also, an upper limit on the
energy of the primary knock-on is imposed by the size
of the set of atoms.

The erst calculations of this kind were made on a
model representing copper. ' ' A large number of calcu-

' G. H. Vineyard, J.B.Gibson, A. N. Goland, and M. Milgram,
Bull. Am. Phys. Soc. 5, 26 (1960); J. B. Gibson, A. N. Goland,
M. Milgram, and G. H. Vineyard, Phys. Rev. 120, 1229 (1960).

G. H. Vineyard, Strengthening Mechanisms in Solids (American
Society for Metals, Cleveland, 1960).

3G. H. Vineyard, Proceedings of the International School of
Physics "Enrico Fermi" XVIII Course (Academic Press, Inc. ,
New York, 1962), pp. 291—317.

4 G. H. Vineyard, Energia Nucl. (Milan) 8, 9 (1961).
~ G. H. Vineyard and J. B. Gibson, Bull. Am. Phys. Soc. 6, 158

(1961).
6 G. H. Vineyard, Discussions Faraday Soc. Bl, 7 (1961).' G. H. Vineyard, B.Mozer, and A. N. Goland, Bull. Am. Phys.

Soc. 7, 170 (1962).
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lations were made and the production of interstitials
and vacancies was "observed. " Threshold energies for
the principal crystallographic directions were computed.
Correlated collision chains along (100) and (110) were
found to be prominent, and numerous replacements
were found to occur for each lattice defect that was
made. Configurations and properties of a number of
elementary lattice defects were investigated in the same
model by an extension of the computational techniques.
A very few calculations have also been made' in a simple
model or ordered Cu3Au. In spite of the disparity of
masses, sequences of replacement collisions which
produce large amounts of disorder were found.

As the next system for investigation we have chosen
0. iron."It was desired to have a representative of
another lattice, and the body-centered cubic lattice of
o. iron, while still simple, was thought to present
interesting differences from the face-centered cubic
lattice of copper. A further reason for choosing iron was
the fact that some recent experimental radiation damage
studies had been made on it with electrons, " and, of
course, a wealth of information on its various physical
properties exists. The force law employed in the model
has been refined to give good agreement with the experi-
mental radiation damage threshold, as well as to meet
other requirements described in Sec. 2.

Some static calculations were carried out in order to
determine more closely the configurations of the stable
lattice defects observed in the dynamic runs. The
interstitial was found to have a new split configuration.
Sec. 3 describes the static results.

Over 100 dynamic events were run with different
starting conditions of knock-on energy and initial
direction. One of the principal objects of the calculations
was to obtain the threshold energy of displacement for
a large variety of initial directions and to derive the
displacement probability for a knock-on of given energy
and random direction. It was also expected that as a
result of analyzing a large number of near-threshold
dynamic events, more insight could be gained into the
displacement processes themselves, especially regarding
the many-body features and directional effects. The
highest knock-on energy used in this systematic survey
was 60 eV. A number of higher energy runs were also
made in some selected directions. Detailed results are
given and discussed in Sec. 4. A summary of the
conclusions follows in Sec. 5.

2. THE MODEL

Calculations have been performed on sets of E atoms
interacting with pairwise central forces, and supple-
mented by special "surface" forces on the atoms near
the boundary of the set. The surface forces consist of a

' G. H. Vineyard, J.Phys. Soc. Japan, 18, Suppl. III, 144 (1963).' C. Krginsoy and G. H. Vineyard, Bull. Am. Phys. Soc. II, 8,
196 (1963).' P. G. Lucasson and R. M. Walker, Discussions Faraday Soc.
31, 57 (1961);Phys. Rev. 127, 485 (1962).

constant force, a spring force (proportional to the
displacement of an atom from its lattice site), and a
viscous force (proportional to minus the velocity of an
atom). The constant force is chosen such that the set
can be in static equilibrium on the sites of a body-
centered cubic lattice. The spring and viscous forces
approximate the reaction to displacements that would
be provided by atoms outside the set of X if the set
were imbedded in any infinite crystal. The method of
choosing the spring and viscous force constants is
essentially the same as was used in the model of copper,
described in Ref. 1. The spring forces were chosen by
considerations of an equivalent elastic continuum, and
simulate the response of the surroundings of the set to
static distortions of the set. The viscous force constants
were chosen by consideration of the best impedance
match for plane elastic waves incident upon an infinite
plane boundary, and allow energy to disappear from
the set of E atoms, so that a quiescent state is eventu-
ally reached. It should be noted that these boundary
conditions are quite different from the periodic boun-

dary conditions employed in certain statistical mechan-
ical calculations" which have a superficial resemblance
to ours.

In the fcc lattice it was possible to cut off the pairwise
potential at a distance somewhat less than the second
neighbor spacing, so that at equilibrium only nearest
neighbors were interacting. On the other hand, the bcc
lattice is unstable with only nearest-neighbor central
forces, and thus in the present calculations the pairwise
interaction potential was taken into account through
second neighbors. Equilibration then demanded that a
constant force be applied on the first layer of atoms
beneath the surface as well as on the surface layer itself.
A weak spring force was applied to the layer beneath
the surface as well as to the surface layer, but, for
simplicity, and because no physical distinction was

expected, the viscous force was applied to the surface
layer alone. The spring force constants on the layer
beneath the surface were chosen, somewhat arbitrarily,
to be about one two hundredth as large as those on the
surface layer.

Most of the calculations reported here, including all
events near threshold, were done with a cubic set
measuring 14X14&(14, where the unit of length is
one-half the edge of the cubic unit cell, containing 855
atoms. Some events in which the primary knock-on was
directed near (100) were calculated in a set measuring
26&(10&10 and containing 829 atoms. The imperfect
treatment of surface and near-surface atoms was
believed to be a very minor disturbance in the events
reported, because calculations were always arranged to
keep the displacements of surface atoms small and to
have the regions of important dynamic action in the
interior of the set.

"B.J. Alder and T. Wainwright, J. Chem. Phys. 27, 1208
(1957); ibid. , 31, 349 (1959); ibid. , 33, 1439 (1960); B. J. Alder
and T. Wainwright, Phys. Rev. 127, 359 (1962).
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Tash, z I. Comparison of elastic constants
for u iron (units 10n dyn/cm'l.

C11 C12 C44 8= 3 (c11+2C12)

Experimental
Calculated with

potential III

23.7
19.2

14.1
16.4

11.6
10.4

17.3
17,3

This form, as is seen in Fig. 1, joins the statistical atom
potentials at small r with good accuracy.

For 0.7&r(1.35 the potential is given by

&p(r)=8573 exp( —6.547r). (4)

This Born-Mayer potential interpolates between the
small r region and intermediate r region at which a
Morse potential is used, and includes the region which
determines the threshold displacement energy.

For 1.35&r & 2.0, &p(r) is given by the Morse potential
of Eq. (2), except for the parameter D, which now has
the value D=0.223 eV. [The parameters of the Born-
Mayer potential in Eq. (4) were chosen to match this
potential in value and slope at r = 1.35.]Using this form
of p(r), extended only through second neighbors, and
the formulas for the elastic constants

cii——(2/3a)[(2/ro) to'(ro)+ to" (ro)+3p" (a)], (5a)

cts= (2/3a)
X[—(4/ro) oo'(t'o)+ oo" (ro) (3/a) &p'(a)], (5b)

«»= (2/3a) [(2/ro) 'o(«)+ ~"(ro)+ (3/a) p'(a)], (5c)

where primes and double primes denote differentiation
and double differentiation respectively, exact agreement
with the experimental bulk modulus and fairly good
agreement with the other experimental elastic constants
is obtained, as shown in Table I.

Since the surface pressure represents some part of the
binding provided by the conduction electrons, it might
be expected to make a further contribution to the
elastic constants. This effect has been omitted, however,
from the calculated values in Table I.

For 2.0&r&2.5, p(r) is taken to be the modified
Morse potential multiplied by an arbitrarily chosen
function of r which is equal to 1 at r= 2.0, and dimin-
ishes smoothly to 0.1 at r=2.5. This makes y(2.5)
= —0.014 eV. For r) 2.5, oo(r) is set equal to zero. The
small discontinuity at this cutoff separation (shown as
r, in Fig. 2) does not affect the results of the calculations.
The smooth reduction of p(r) from second neighbor
separation to cutoff was found necessary if interactions
of higher order neighbors were to be left out of account
in a consistent way.

The computations were performed on IBM 7090 and
IBM 7094 computers. The integration methods were
the same as described in Ref. 1, and the same checks
and precautions were observed.

In some highly directionalized events such as collision
chains, in which almost all of the action was localized

in a few atoms at a time, a new technique, called "leap
frog, " was used to follow the action beyond the bound-
aries of the set. By this technique, displacements and
velocities of a restricted group of atoms near the right
edge of our fundamental set could at a selected instant
be automatically made the starting displacements and
velocities of a similar group near the left edge of a
second fundamental set. Iteration of the process gave a
set which was electively indefinitely extended in one
dimension.

3. STATIC CALCULATIONS

A number of static calculations have been carried out
in order to determine, in our model, the configuration of
the simple defects (vacancy and interstitial) and the
stability of Frenkel pairs with different orientations
and separations in the lattice. In these calculations a
rough estimate was first made of the defect configura-
tion, and atoms were given these coordinates at the
beginning. The machine program for solving the
equations of motion of all the atoms in the set was there
initiated and continued for a sufhcient number of time
steps until the equilibrium configuration was reacheQ.
As in the fcc case (Ref. 1) an artificial damping scheme
was used that set the kinetic energies of all the atoms
to zero each time the total kinetic energy in the system
reached a maximum. In this manner, long oscillations
around the equilibrium configuration could be avoided
and approximate equilibration could be achieved rather
quickly. Unless otherwise stated, all calculations re-
ported were made with potential III. Energies and
volumes of formation, and migration of defects are not
reported here.

The nearest neighbors around a vacancy were found
to relax inward by about 6% of the equilibrium distance
V3. The second neighbors relaxed slightly outward.

The interstitial was found to have a split configura-
tion, with its axis in the (110) direction. This was first
established and reported' for our a-iron model with
potential II. Subsequent calculations with potential III
have given the same results. The configuration is
reminiscent of the split interstitial found in the fcc case,
except that the orientation in the latter was (100).

Fig. 3 shows the equilibrium configuration of the
interstitial in its (110) plane. Dashed spheres refer to
the original lattice sites and the solid spheres to the
actual relaxed positions of the atoms. The two atoms
forming the split interstitial (shown as Ig and In) are
separated by a distance of approximately 0.72 (in units
where the cube edge is 2.0) from the vacant site 0. The
relaxation of the neighbors in the (111)directions which
share the greatest part of the strain field was found to
be quite large, about 0.29 for atoms E, E, M, and P,
about 0.14 for atoms D, I', L, and G, and about 0.08 for
atoms C, Q, E, and H.

Calculations on the stability of a Frenkel pair were
carried out by setting up the interstitial configuration
first. One of the lattice sites in the neighborhood of the
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SPLIT INTERSTITIAL CONFIGURATION IN BCC I ATTICE
fI Iol PLANE

&ilO&

Fxo. 3. Con6guration of the split interstitial in the 0, iron model
with potential III. Atoms in the (110} plane containing the
interstitial are shown. Dashed contours denote the original posi-
tions of the atoms in the perfect lattice and the full spheres
correspond to their relaxed positions.

interstitial was then vacated and calculations were run
with these starting conditions. All close pairs were
found to be unstable against recombination, whatever
the orientation of the line joining the vacancy and the
center of mass of the interstitial. If this line was a dose
packed (111)direction the minimum separation of the
stable pair was particularly large. For instance a
vacancy at C, (), E, or H in Fig. 3 was found to give an
unstable pair with the split interstitial at I~,I~. All
second neighbors of the vacant site 0 were e,lso unstable
against recombination. This strong dependence of the
miniInum separation of a stable Frenkel pe, ir on
oriente. tion is very similar to that observed in the fcc
-case.'

4. DYNAMIC RESULTS

A. GeoeraII Rema, xks

Over j.00 dynamic events werc run with diferent
starting conditions. Detailed desniptions of all these
will not be given since the general picture was found to
be quite similar to that discussed in Rcf. 1 for the fcc
case. First, the existence of a clearly de6ned threshold
energy for displacement was conarmed. Calculations
have shown that for any knock-on direction there is a
minimum kinetic energy which must be imparted to
the knock-on so that it does not return to its original
site. This is the threshold energy for displacing the atom
in that direction. The knock-on itself, however, was in
no ease found to go into an interstitial position. Invari-
ably it was found to replace one of its neighbors. For
energies up to 60—65 CV this replacement took place at
the nearest neighbor, the second neighbor, or the third
neighbor, depending on the initial direction of the
knock-on. It was found, further, that a more or less
extended sequence of replacements accompanies this
initial replacement, so that the eventual interstitial is

formed several sites away from the vacancy left behind

by thc kQock-on. The static cRlcule, tloQs on thc coQ-

6guration of the split interstitial e,nd the stability of a
Frenkel pair, discussed in Sec. 3, confirm this picture.

A small selection of dynamic events with di6erent
startlQg condltlons will now bc discussed. Flgurcs 4
and 5 show two dynamic events in which (100) and
(111) replacement chains are operative, respectively.
In Fig. 4 the knock-on (at 0) is directed at 25' to I 100j
in the (001) plane. It makes a replacement at C (third
neighbor) and a replacement chain proceeds in the

t 010j direction. A vacancy is created at 0. The inter-
stitial ls not seen, as lt will be formed beyond G. In
Fig. 5 the knock-on makes a replacement at 2' (second
neighbor) and a focused replacement chain is seen in
the 51111direction. A vacancy is created at 0 and the
interstitial is expected to form beyond D.

In a small range of directions it has been found that
divacancics CRQ bc formed too. Figurc 6 shows such Rn

event at 70 CV. The knock-on makes a replacement
at C (third neighbor) after displacing atom 8 (nearest
neighbor). Two vacancies are created (at 0 and 8) next
to one another. One interstitial is seen at D, the other
ls expected to form beyond K

B. Colllslon Cha.ms

Figure 7 shows the (111),{100),and (110)directions
in a bcc lattice. The knock-on (Z) can dynamically
replace the first struck atom (St), producing a replace-

Pro. 4. Orbits of
atonls ln a d/namlc
event inltlated bg a
60-eV knock-on
directed at 25' to
Dooj in the (001)
plane. The knock-on
(0} makes a replace-
ment at a third
neighbor site (C}and
a chain of replace-
ment proceeds in
L010j.
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l2

IO

FIG. 5. Orbits of atoms in a dynamic
event initiated by a 65-eV knock-on
directed at 25' to L001j in (110)
plane. Focused chains are seen to
proceed from the replaced second
neighbor (A'l in addition to a long
replacement chain which will lead to
the interstitial.

2 5 4 5 6 7 8 9 IO

xor y—
ment chain which can proceed along one of the crystal
axes. In the close-packed (111) direction, in order to
make a replacement, E has to go through two "barrier"
planes, one formed by the atoms A ~, A2, As, and the
other by the atoms 8&, 82, 83.The loss of energy from E
to these atoms is found to be less than 1 eV, but the

successive close-packed bonds ESj and S~S2 absorb
considerable potential energy which the knock-on has
to supply in order to make a replacement at S&. It turns
out, in fact, that the (111) is the hardest of the three
main crystal axes for making a replacement and hence
for creating a stable defect.

l2

IO

A'

FIG. 6. Formation of a divacancy,
initiated by a 70-eV knock-on directed
at 17.5' to I110j in the (110) plane.
The knock-on (at 0) makes a replace-
ment at the site of a third neighbor (C)
after a displacement collision with a
nearest neighbor (8). Two vacancies
are created (at 0 and 8). One inter-
stitial is seen at D, the other is
expected to form beyond E.
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In the (100)direction, there is only one barrier plane,
formed by A zA Q sA 4, but this barrier absorbs a good
deal more energy (5—6 eV) from E. On the other hand,
the ESj bond does not absorb as much potential as the
corresponding close-packed bond in the (111)direction
since it is more open. Furthermore, the same four atoms
which oppose the motion of E help to push E forward
once it clears the halfway mark. This is a characteristic
of the (100) threshold, which we find to be the lowest
of all the three main crystal directions.

In the (110) direction, the barrier is highly asym-
metrical since A&A2 is equal to a the cube edge, while

ASA4 is V2a. The barrier is, therefore, particularly
strong in the (110) plane.

As might be expected from the geometrical conditions
described above, collision chains formed in the close-
packed (111)direction show a small energy loss at each
step and, therefore, transfer kinetic energy over large
distances in the crystal. In the hard-sphere model these
correspond to Silsbee's focused chains. "Figure 8 shows

the time-dependence of the kinetic energy in such

chains. The initial energy loss from E to S& should be
noted; it is the loss that provides the potential energy
needed to establish the chain. The rate of loss of energy
thereafter is more or less constant. In the 55 eV case

(upper curve) the pulse reaches the 50th struck atom

and, therefore, covers a distance of 125 A in 7X10 "

Ai oo&

I

"&.4l

I

Bs

K&

(III) COLLISION CHAIN (100) COLLISION CHAIN

Ki

4

I

(IIO&

CIIO) COLLISION CHAIN

FIG. 7. Diagrams showing the diferent barrier planes inQuencing
dynamic replacement chains along the main crystal axes. IC de-
notes the knock-on, S, S2, ~ ~ ~ are the first, second, etc. struck
atoms in the chain. Neighbors forming the barriers are shown by
A1, 2, . . . and 81,2, . . ..

55' K

50 a
)Sl

ATTENUATION OF
KINETIC ENERGY PULSE

IN &I I I&

(POTENTIAL III)

Fro. 8. The attenuation oi (111)
pulses with time. The pulses have &.
shock-wave velocities (1—2 X10'
cm/sec) and transfer kinetic energy ~™

with little loss over long distances in
the crystal. Note the initial kinetic
energy drop which supplies the po-
tential energy required to propagate
the pulse. hC
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I I I I I I I I I

ATTENUATION OF KINETIC ENERGY PULSE IN (IOO)—40
q

8, = INITIAL ANGLE WITH (100) IN {IOO) PLANE

~e
30—

CL
UJ 8 =3'

e.=IO'
'

WI S,
IOA '&

5A s% ~ s6l-
LIJ

I5A
~ IO- S6 S

IOA ZOAs4

I I I I I I I I i
6

I I

0 IO 20 50 40 50 60 70
T (UNITS OF 2.45 xlO secs)

Fro. 9. The attenuation of i100) pulses initiated
at diGerent angles to the chain axis.

sec. This corresponds to a mean velocity of 1.8&(10'
cm/sec, something like 4 to 5 times the velocity of
sound. One can consider this motion to be a kind of
shock-wave whose velocity will gradually decrease as
its amplitude decreases. The attenuation is expected to
increase sharply when the pulse velocities become
comparable to the velocity of sound. By the time the
pulse will come to an end, therefore, it will have carried
energy to a distance of 150 A. At this point the
energy in the pulse will have dropped to the order of
the bond energies. The velocity of the 35-eV pulse
shown in the lower curve is only slightly lower: the
pulse starts at 1.7&&10s cm/sec and slows down to
1.3&&10s cm/sec when it reaches the 30th struck atom.
This velocity is still 2—3 times the velocity of sound.

TABLE II. Maximum kinetic energies (eV) transferred to
successive atoms and the average pulse velocity v (10' cm/sec)
in (111)collision chains.

Initial
angle

EP to (111) R1 &2 +'6 +4 +6 +6 +7 Es v

Pulses initially started at some angle to the (111)
direction have also been studied. Table II shows that
the attenuation becomes larger and the average pulse
velocity e becomes somewhat lower as the initial angle
to the (111)increases.

Figure 9 shows that in (100)directions pulse velocities
are lower and the drag is greater. A 40-eV pulse was
found to be attenuated completely within 10 atomic
distances. This is consistent with other dynamic results
which indicate that the defects formed by (100) chains
are closer to their vacancies than those formed by (111)
pulses of equal energy. The effects of thermal vibrations
on the lengths of these chains remain to be studied.

In the (110) direction, energy losses are still greater
for each step in the replacement sequence. Figure 10
shows a replacement sequence initiated by a 100 eV
knock-on at 1' to [110]in the (001) plane. Successive
replacement collisions are clearly correlated. They start
initially in [110j and defocusing causes a change in
direction to a [010j sequence. The kinetic energies
transferred to successive replaced atoms in this sequence
were calculated to be 73.4 eV to atom A, 49.7 eV to
atom 8, and 18.2 eV to atom C. The interstitial is seen
in Fig. 10 to be forming around the site K

40.0 4.75 31.9 29.6 27.3 25.4 23.5
39.0 7,25 29.8 26.1 23.2 20.5 18.1
39.0 10.75 18.5 10.1 6.2 4.5 3.5

21.6 20.0
16.2 14.7
2.8 2.1

18.7 1.7
13.5 1.6
1.5 1.1

l2

IO

V 6

0
As in the fcc case, there is a strong tendency of energy

to propagate along two preferred directions; in the bcc
case these are the close-packed (111) and the cubic
(100) directions. The focusing parameters A(E) associ-
ated with these two directions have been studied. A
collision chain was characterized in the ith stage
(i=1,2,3, ) by an energy E, (the kinetic energy of
the atom at the point of its maximum kinetic energy),
and an angle 8; (angle between the axis of the chain
and the velocity vector of the moving atom at its point
of maximum kinetic energy). If the angle at the next
stage is 0;+1, the focusing parameter at the stage i is
defined as

(6)

3 4 5
X~ e IO

FIG. 10. Correlated replacement sequences initiated by a 100-eV
knock-on at 1' to L100j. Replacement sequences start in L110$
and defocusing causes a change of direction to L010j. Only one
defect is made.

The values of A(E) for a variety of energies E and
angles 0 (below 10') have been calculated and plotted
against E in Fig. 11 for (111),and in Fig. 12 for (100)
chains. As in the fcc case (Ref. 1) very little dependence
of A on 0 was observed. The energy below which a (111)
chain focuses is seen in Fig. 11 to be about 28 eV.
According to the hard-sphere picture this energy should
be 2V(v3/2) or 59 eU for our potential. Obviously the
hard-sphere model overestimates the focusing for such
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Fro. 11. Focusing parameter A(El as a function of energy E for a
(111)chain. The limiting energy for focusing is about 28 eV.

a potential. In Fig. 12 the focusing parameter of (100)
chains within the bcc lattice is shown, together with
that of an isolated row having the same spacing as a
(100) row and interacting with the same potential. It
has been suggested recently" that the focusing mech-
anism in the (100) direction for a bcc lattice should
be independent of the action of the neighboring atoms,
i.e., governed purely by the Silsbee mechanism. Figure
12 indicates, however, that an isolated row exhibits
practically no focusing and that the observed focusing
must, therefore, be attributed to the action of the
neighbors forming the barrier plane A~A23334 of
Fig. 7. I':p this case too, focusing is not as strong as that
predicted by a hard-sphere model. The limiting energy
for focusing is seen in Fig. 12 to be about 18 eV, whereas
the hard-sphere picture predicts an energy equal to
2V(1)= 24.6 eV.
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directions on the interior of the triangle. For each
direction the threshold was estimated by finding two
energies, the higher of which gave a stable replacement
and the lower of which did not.

It was found that at low energies the replacement by
the knock-on follows a very simple pattern: The knock-
on replaces a nearest neighbor, a second neighbor, or a
third neighbor, depending on whether its original
direction is closer to a (111),a (100), or a (110) axis.
This pattern is shown schematically in Fig. 13. It is
interesting to note that in no case is the knock-on able
to escape the sphere of radius 4.05 A centered on it and
containing the 12 third neighbors. At higher energies

Fto. 12. Focusing parameter A(E) as a function of E for a (100l
chain. The lower curve refers to an actual (100) row within the
bcc lattice and the upper curve to an isolated row of atoms with
same spacing but with no neighbors outside the row. Focusing is
seen to be due to the action of the neighbors. The limiting energy
for focusing is 18 eV.

C. Directional Dependence of
Displacement Threshold

In the simplest model of radiation damage (hard
spheres in a random assembly), a constant threshold
energy Ez has customarily been assumed. Obviously
the displacement threshold will depend on the direction
of motion of the primary knock-on, and a random
distribution of directions will give rise to a displacement
probability Pz(E) which will start up from zero at a
minimum threshold (the threshold in the easiest
direction) and reach unity at some higher energy.
Refined calculations of radiation damage have employed
the function Ps(E) but have had to make arbitrary
assumptions as to its form. It was of interest, therefore,
to calculate the threshold for each direction in the
present model, which includes directional and many-
body e8ects without arbitrary assumptions, and from
this to derive Pq(E).

I'n Fig. 13 a spherical triangle is shown that contains
all the nonequivalent direction for the knock. -on. In
the present calculations, the three edges of the triangle
were systematically investigated, as well as a number of

' R. S. ¹Ison, Phil. Mag. 8, 693 (1963).
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Fio. 13. Diagram showing the pattern of replacements by the
knock-on at near-threshold energies. The knock-on replaces a
nearest neighbor, second neighbor or a third neighbor depending
on its initial direction.
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FIG. 14. Directional dependence of
the displacement threshold energy.
Each dot shows results of a machine
calculation with potential III. The
direction of easiest displacement is
(110), giving a minimum threshold of

1'1 eV in our model. Thresholds in
(110) and (111)are 34eV and 38
eV respectively. Note the sharp in-
creases of the threshold between the
low-index directions and the highly
asymmetrical angular region in which
(110) type replacements are possible.
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direction between the main crystal axes. and (110).The direction of easiest displacement is seen
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I'IG. 15. Contours of constant dis-
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to be L100], giving a minimum threshold of 17 eV in
our model with potential III. The local minima in the
vicinity of [110]and L111]are 34 eV and 38 eV,
respectively. It will be noted that in each general
direction the threshold is a minimum when the knock-on
is directed a few degrees off the axis. The L100] does not
show this effect to any significant degree, while it is
rather pronounced in the L110], and especially pro-
nounced in the L111]direction. This is because replace-
ments are energetically easier with a small degree of
defocusing. The range of initial directions in which the
replacement is in the (111) direction is seen from
Fig. 13 to be large and to be symmetrical around the
axis. The same is true of the (100), but the range of
directions around (110) is severely restricted in the
(110)plane. The knock-on has to be directed very close
to (110) in order to make a replacement in that direc-
tion. Note also that in intermediate directions between
two crystal axes the threshold rises sharply, as the
knock-on is losing energy to two repulsive bonds at the
same time. In a small range of directions the knock-on
is unable to make a 6nal replacement in either of the
two directions and returns to its site. In such directions
the threshold is limited by another type of replacement
(to the 4th neighbor, 5th neighbor, etc.) at higher
energies. These events have not been shown in Fig. 14,
where the knock-on energy has been limited to 60 eV.

Figure 15 shows the displacement threshold contours
over the stereographic triangle. The integrated proba-
bility Pz(E) of displacernent as a function of knock-on
energy, for a randomly directed knock-on, is shown in
Fig. 16. The integration has been carried out numeric-
ally by taking into account the contours of threshold
in different directions and using the symmetry prop-
erties of the lattice. The probability at each energy
equals the sum of solid angles in which a knock-on of
that energy makes a stable replacement, divided by 4m. .
The "two step" nature of the curve will be noted. The
individual contributions of the different directions have
been shown separately. A striking feature of the curve
is that, whereas the lowest threshold in the easiest
direction is 17 eV, the probability rises rather slowly
with energy. The probability reaches 0.5 at E 40 eV,
and at E=60 eV (limit for the detailed calculations
reported in this paper) the probability is only 0.76.

This slow increase of the displacement probability
with energy may explain the persistent discrepancy
between the number of defects estimated on the basis
of a sharp threshold at 25 eV and the experimental
results of low-temperature electron bombardment.
Lucasson and Walker" have carried out such measure-
ments with iron. The best Gt for their results corre-
sponded to a "staircase function"" for the displacement

'9 A. Lucasson, P. Lucasson, and R. M. Walker, International
Conference on the Properties of Reactor Materials and the sects of
RaCiation Damage (Butterworths Scientihc Publications Ltd. ,
London, 1962)."P. G. Lucasson (private communication).
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Fro. 16. The integrated displacement probability Pd(E) for a
knock-on of energy E and random direction. Contributions of
three low-index directions are shown separately. Note the com-
plexities caused by the directional dependence of the threshold.
The "staircase" function of Lucasson and Walker, which gave a
good fit to their experimental data on electron-irradiated o, iron
is shown for comparison.

probability. This function is shown in Fig. 16 for
comparison with our calculated curve. It should be
noted that the lowest electron energy they used was
600 keV, so that the comparison should be made only
for knock-on energies above 30 eV. With this restric-
tion there is reasonable agreement between the curves.
Both show an extended region between 40—60 eV where
J'~ lies between 0.6 and 0.8. It remains to be seen
whether electron bombardment with lower energy
beams ( 300 keV) on oriented single crystals of n iron
will show the lower energy step which these calculations
predict. If the predicted effect exists it should be
possible to observe a large difference in the damage
rates in a (111)oriented crystal and in a (100) oriented
crystal under the same electron bombardment condi-
tions. Such an experiment would provide an important
test to the interatomic potential assumed, and an
experimentally obtained curve of Pd(E) versus E could
help to determine the potential more accurately in the
range of intermediate separations.

5. CONCLUSIONS

To the extent that the interatomic potentials, at the
separations of interest to radiation damage processes,
can be accurately simulated by two-body central forces,
dynamic calculations by means of a large capacity
digital computer can give a good account of the details
of the displacement processes. This was 6rst established
in the case of the fcc lattice, ' using copper as a model,
and the present calculations show that the case of a bcc
lattice is qualitatively similar.

The following conclusions can be drawn from the
present calculations on the model of n iron:

(1) The key mechanism of displacement at low
energies is a dynamic replacement by the knock-on. The
knock-on itself does not go into an interstitial conigura-
tion but replaces one of its neighbors. At threshold
energies this can be a nearest neighbor, a second
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neighbor, or a third neighbor depending on the initial
knock-on direction. Higher order neighbors can be
replaced only at energies higher than about 70 eV and
for knock-on directions between the main low-index
directions. A replacement by the knock-on causes a
more or less extended sequence of correlated replace-
ments, and the interstitial is formed several atomic
distances from the vacancy. Such a sequence is probably
the most important mechanism in separating the
interstitial from the vacancy.

(2) The stable form of the interstitial in the bcc
lattice is found to be a split configuration oriented along
(110).Both potentials II and III lead to this result. In
the previous calculations on copper, ' the interstitial was
also found to be split, but was oriented in (100).

(3) As in the calculations for an fcc lattice (copper)
Frenkel pairs are unstable against recombination when
they are closely spaced. The minimum separation for
stability is highly dependent on the orientation of the
line joining the vacancy and the center of mass of the
split interstitial. This minimum separation is largest
for a pair in which this line is a (111) (close-packed)
direction. All close Frenkel pairs were found to be
unstable.

(4) Collision chains are found to be prominent in
(111) and (100) at threshold energies. Sequences in
(110) can also be established at about 100 eV. All
collision chains propagate with supersonic velocities
and may be considered as sharply pointed shock waves.
Chains in (111)have the lowest rate of energy loss and
the greatest range. The effects of lattice vibration on
the range of the chains have not yet been examined,
but small angular deviations in the original direction
of motion of the knock-on have a relatively small
inhuence on the velocity of the pulse.

(5) The threshold energy for displacing an atom is
highly dependent on direction. In the bcc lattice, the
direction of easiest displacement is near (100) (esti-
mated threshold 17 eV for potential III).The thresholds
for (110)and (111)are about 34 eV and 38 eV respec-
tively. The details of the replacement process are
diferent for each direction since they depend on the

barriers formed by neighboring atoms. The minimum
threshold associated with each of the above directions
occurs a few degrees off the axis. The thresholds
exactly along the axes are significantly higher. The
threshold shows sharp increases in intermediate
directions between two crystal axes. At such directions
the threshold is limited by replacements outside the
spheres of third neighbors. In some other cases the
knock-on can displace one neighbor and replace another.
A divacancy is thus created. Preliminary results indicate
that this occurs most easily if the two crystal axes
involved have a relatively small angle between them,
as in the case of the (110)and (111).

(6) As a result of the directional dependence of the
threshold energy, the integrated probability of displace-
ment is a slowly rising function of knock-on energy, in
contrast to the step-function forms often used. For the
energy range ()35 eV) where comparison is valid, there
is reasonable agreement between the calculated dis-
placement probability versus energy curve and Lucasson
and Walker's best-fitting "staircase" function.

(7) The calculations indicate that at knock-on
energies lower than 35 eV, damage is due primarily to
the formation of defects by (100) replacement se-
quences, and the displacement probability is consider-
ably less than 1. Bombardments of single crystals of
o, iron with electrons below 300 keV are needed to show
to what extent the predicted large difterences in the
damage in different orientations are real. Such experi-
ments could also provide valuable information concern-
ing the interatomic potential at the separations of
interest to threshold events.
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