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ABSTRACT

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 g-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 ori-
ginal site. The interstitial is found to have a split configurétion,
as was found earlier in copper, but its axis lies along (110>. Col-
lision chains are found to be prominent in (111) and (100), and at-
tenuation rates and focusing parameters for these chains are deter-
mined. The threshold energ? for displacing anfatom 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 difected 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 réndomly
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 caiculated curve
than could be tested by the experiments. Pronounced directional ef-
fects in low-energy electron bombardmenu;of‘a-iron single crystals

are predicted.
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1. INTRODUCTION

The processes by whicﬁ radiation‘damage is produced in a crystal have
recently been investigated 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 fairiy
realistic central forces, augmented by special forces on the atoms at the
edge of the set designed to simulate the influencé of surrounding material.
Initially the atoms are at rest on the sites of a perfect lattice, and the
start of a radiation damage even is considered to be the sudden transfer of
momentum to one of the atoms (the primary knock-on) by an irradiating parti-'
cle. 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
~conditions must be made. No preéuppositions about the nature of the lat-
tice 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 requireﬁents are imposéd on this,
Also, an upper limit on the energy of the primary knock-on is imposed by
the‘size of the set of atoms.

The first calculations of this kind were made on a model representing
r . .

copper. A large number of calculations 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 re-
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placements were found to occur for each lattice defect that was made. Con-
figurations and properties of a number of elementary lattice defects were
investigated in the same model by an extensibn of the computational
techniques. A very few calculations have also been made9 in a simple model
. or ordered CﬁBAu. ;n spite of the disparity of masses, sequences or re-
placement collisions which p?oduce large amounts of disorder were found.

As the next system for investigation we have chosen a-irons’ . It
was desired to have a representative of another lattice,-and the body-
centered cubic 1attice'of a-iron, while still simple, was thought to pre-
sent interesting differences from the face-centered cubic lattice of cop-
per. A further reason for choosing iron was the fact that some recent
experimental radiation damage studies had been made on it with electrons}O
and, of coursé, a wealth of information‘on its various physical properties
exists. The force law employed in the model has been refined to give good
Eagreement'with the experimental radiation damage threshold, as well as to
meet other requirements described in Section 2.

Some static calculatiohs were carried out in order to determine more
closely the. configurations of the stable lattice defe;ts observed in the
dynamic runs. The interstitial was found to have a new split configuration.
Section 3 describes the static result#; |

Over one-hundred dynamic events were run with different starting con-
diti§ns of knock-on energy and initiai direction. One of the principal
objects of tﬁe calculations was to obtain the threshold energy of dis-
placeﬁent for a 1arge.variety of initial directions and to derive the dis-
placement probability for a;Fnock-on of given energy and random direction.
It was‘algo exﬁected 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 di-
rectionél_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 Section 4.

A summary of the conclusions follows in Section 5.

2. THE MODEL

Calculations have been performed on sets of N atoms interacting with
pairwise cehtral forces and supplemented by special."surface" forces on
the atoms near the boundary of the set. The surface forces consist of a
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 énd'viscéus forces approkimate the reaction to dis-
placements that would be pfovidgd by atoms outside the set of N if the
seé 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 reference 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 forcé constants were chosen by consideration of
the best impedance match for plane elastic waves incident upon an in-
finite plane boundary, and allow energy to disappear from the set of N

atoms, so that a quiescent state is eventually reached. It should be



noted that these boundary conditions are quité different from- the periodic
boundafy conditions employed in certain statistical mechanical célculations11
which have ‘a superficial resemblance to ours.

In the f.c.c., lattice it was possible to cut off the pairwise potential
at a distance somewha;kiess than the second neighbor spacing, so that, at
equilibrium, only nearest neighbors were interacting. On the other hand,
the b.c.c. lattice is unstable with only néarest neighbor central forces,
and thus in the present calculations the pairwise interaétion potential
was taken into account through second neighbors. Equilibration then de-
manded that a constant force be applied on the first layer of atoms benéath
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, fér simplicity, and because no éhysical distinction was ex-
pected, the viscous fofcé was applied to the surface layer alone. The
spring force constants on the layer beneath the surface were chosen, some-
what 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 14 x 14 x 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 x 10 x 10 and containing 829
atoms. The imperfect treatment of sﬁrface and near-surface atoms was be-
~ lieved to be a #ery winor disturbance in:the events‘reported; because cal-
culations 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.



The pairwise interaction potential ¢(xr) was chosen with considerable
care. Three potentials (denoted by Roman numerals hereafter and shown v
in Figs. 1 and 2) were tried, '.and, for reasons to be explained,
potential III was deemed most realistic and the bulk of the calculations

were done with if,' Potential I is a Born-Mayér potential of the form

() = 2570 72092 | ey

where ¢(r) is in electron volts and r is in units of one-half the cube
iedge (1.43 X). This potential gave a threshold for production of permanent
damage by a (100) knock-on considerably above 35 eV. Since (100) proves

the
to be/easiest direction for the production of damage and since the experi-

mental threshold is around 18 eV in iron,10 Potential I is too stiff and
was abandoned.
Potential II is a Morse potential with parameters derived by Girifalco

and Weizer12 to give good agreement with the cohesive energy and the com-

pressibility of g-iron. The potential has the form

- et _ Y RN : .
o) = p [ HEED g "e(EID) ] 2)
where
D = 0.4174 eV
s = 1.3885 87!
r' = 2.845 %

Figure 1 shows Potential II extrapolated to much smaller separations
than its method of derivation warrants. This potential also gave too
high a value for the displacement threshold energy and was used only for

a few Ca1Cu1ations13 on the dynamics of replacement chains to show the

effects of a high but soft potential.



Potential III is fhe one finally choséﬁ for detailed work in the
a-irén model. As can be seen in Fig. 2 it is repulsive fqr nearest
neighbors (separation Eo) and weakly attractive for second neighbors
(separation a). Potential III is a composite which meets a number of
ma jor requirements: In conjunction with the surface forces it gives a
stable b.c.c. latticevdf the right lattice constant; it gives good values
for the three first-order elastic moduli; at sﬁall distances it joins the
~ Thomas-Fermi (Firsov)14 and the Thomas-Fermi-Dirac (Abrahamson)ls’16 po-
. tentials theoretically derived on the basis of the statistical'atoms;
finally, it gives the correct threshold energy for radiation damage.

Specifically, Potential III was chosen as follows. For r<0.7 it

is an exponentially screened Coulomb potential given by

¢ @ = (L) 8573 &70%47 2 - 3y

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

For 0.7 < x < 1.35 the potential is given by

o (x) = 8573 e 6547 I (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 < ¢ < 2.0,9 (r) is given by the Morse potential of Eq. (2),
except for the pérameter D, which now has the value.D = 0.223 eV (The
parameters of thelBorn-Mayer potentiél in Eq. (4) were chosen to match this

potential in value and slope'at r = 1.35.) Using this form of ¢ (r), ex-
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tended only through second neighbors, and the formulas for the elastic

constants
S22 T " . |
w7 g Lr P F e )+ 39Ny 1. (5a)
a2 [ A " 3
12 T 3% [ — @' (x) + 9" () - T o' (xy) 1 , (5b)
-2 =1 : =2
- 2 [ 2, " 3
44 = 31 L . @) T 9y ] , _ (5¢)
=2 =1 -2
where I and r, are the nearest and second neighbor separations, respectively,

" exact agreement with the experimental bulk modulus and fairly good agree-
ment with the other experimental elastic constants is obtained, as shown

in Table 1,

Table 1. Comparison of Elastic Constants for g-iron (units 1011 dynes/cmz)

.cll Elg fﬁﬁ B = (l/iXCll +2c12)
Experimental 23.7 4.1 11.6 173
Calculated with 19.2 16.4  10.4 17.3

Potential TIII1

Since the surface pressure represents some part of the binding pro-
vided by the conduction electrons, it might be expected to make a further
contribution to the elastic constants. This effect has been omitted, how-

ever, from the calculated values in Table 1.
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For 2.0 < r < 2.5, ¢ (x) is taken to be tﬁe modified Morse potential
multiplied by an arbitrarily chosen function of r which is equal to 1 at
r = 250 and diminishes smoothly to 0.1 at r = 2.5.. This makes ¢(2.5) =
- 0.014 eV. For r > 2.5, (r) is set equal to zero. The small dis-
continuity at this cut-off separation (shown as r. in Fig. .2) does not
affect the results of the calculations. The smooth reduction of @(5)‘
from second neighbor separation to cut-off was found necessary if inter-
actions of higher order neighbors was to be leff out of account in a
coﬁsistent wa?.

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

In some highly directionalized events such as collision chains, in
which almost all of the action was localiéed in é few atoms at a time, a
new technique, called "Leap Frog', was used to follow the action beyond
the boundaries of the set. By this technique, displacements and |
velocities of a restricted‘group of atoms near the right edge of our funda-
mental set could, at a selected instant, be automatically made the starting
displacements and velocities of a similar group near the left edge of a
.éecond fundamental set. Iteration of the process gave a set which was,

effectively, 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
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estimate was first made of the defect configufation,and atoms were given
these cbofdiﬁates at the beginning. The machine program for solving the
equations of motion of all the atoms in ﬁhe set wﬁs then initiated and
continued for a sufficient number of time steps until the equilibrium
configuration ﬁas reached. As in the f.c.c. case (reference 1) an arti-
ficial damping scheme was used that set the kinetic energies of all the‘
atoms to zero each time the total kinetic énergy in the- system reached a
maxXimum. In this manner, long oscillations around the eéuilibrium‘con-
figuration could be avoided and approximate equilibration could be
achieved rather quickly. Unless otherwise stated, all calculations re-
ported were made with Potential 1II. Eﬁergies and volumes of formation
and migration of defects are not reported here.

The nearést neighbors around a vacancy were found to relax inward by
about 6% of the ‘equilibrium distance, /3. The second neighbors relaked
slightly outward.

‘The interstitial was found to have a split configuration, with its axis
in the (110) diréction. Tﬁis was first established and repofted9 for our
Q-iron mbdel with Potential II.‘ Subséqueﬁt calculations with Potential IIT
have giveh the same results. The configuratiqn is reminiscent of the split
interstitial found in the f.c.c. case,1 except that the orientation in the'
latter was (100).

Figure 3 shows the equilibrium configuration of the interstitial in its
{110} plane. Dotted spheres refer to the original lattice sites and the
solid‘épheres to the actuél relaxed positions.of the atoms. The two atoms

forming the split interstitial (shown as I, and IB) are separated by a

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) directionms,
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which share the greatest part of the strain field,was found to be quite large,
Aabout 6.29 for atoms E, N, M and F, about 0.14 for atoms D, P, L, and G, and
about'0.08 for atoms C, Q, K, 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 interstitial was then vacated and calculatiops
were run with these starting conditions. All close pairs were found to be
'unstable against recoﬁbination,‘whatever the orientation of the line joining
the vacancy ané the center of mass of the interstitial, I1f this line was a
close packed (111) direction the minimum separation of the stable pair was
particularly large. For instance a vacancy at C,'é, Kor H in Fig. 3 was
found to give an unstable pair with the_sblit interstitial at IA,IB. All
~second neighbors of the vaéant site 0 were also unstable against recombination.
This strong dependence of the minimum separation of a stable Frenkel pair on

- orientation is very similar to that observed in the f.c.c. case.

4, DYNAMIC RESULTS

A. General Remarks

Over one-hundred dynamic events were run with different starting con-
diﬁions. Detailed descriptions of all thesé will not be given since the:
general picture was found to be quite similar to that discussed in reference 1
for the f.c.c. case. First, the existence of a clearly defined threshold
energy for displacement was confirmed. Caléulations have shown that for
any knock-on direction there is a minimum kine;ic energy which must be
imparted. to the knock-on so fhat it does not return to its original site.

This is the threshold energy for displacing the atom in that direction.
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The‘knock-on itself, however, was in no case found to go into an inter-
stitial.position. Invariasly it was found to replace one of its neighbors.
For energies up to 60-65 eV.this feplacément 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 seéuence of replacements accompanies this initial re-
placement, so that the eventual interstitial is formed several sites away
from the vacancy left behind by the knock-on. Thé static calculafions on
the configuration of the split interstitial and tﬁe stability of a Frénkel
pair, discussed in Section 3, confirm this picture.

A small selection of dynamic events with different starting conditions
will now be digcussed. Figures 4 and 5 show two dynamic events in which
(100) and (111) replacement chains are operative,respectively. 1In Fig. 4
the knock-on (at 0) is directed at 25o to [106] in the (001) plane. It
makes a replacement at C (third neighbor)and a replacement chain proceeds
in the [010] direétion. A vacancy is created at 0. The interstitial is
not seen, as it will be formed beyond G. In Fig. 5 the knock-on makes a
replacement at A' (second neighbor) and a focused replacement chgin is
seen in the [I1I1] direction. A vacancy is created at O and the interstitial
is.expected to form beyond D.

In a smail range of directions it has been found that di-vacancies
can be formed too. Figure 6 shows such an event at 70 eV. The knock-on
makes a replacement at C (third neighbor) after displacing atom B (nearest
neighbor). Two vacancies are cregted (at 0 aﬁd B) next to one another.

One interstitial is seen at D, the other is expected to form beyond E.
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B. Collision Chains

Figure 7 shows the (111), (100) and (110) directioné in a b.c.c.
’1attice. .The knock-on (K) can dynamically replace the fifst struck atom
(Sl)’ producing a replacement chain which can proceed along one of the
crystal axes. In the close-packed, (111),direction, K, in order to make a

replacement, has to go through two "barrier" planes, one formed by the

atoms A_, A and the other by the atoms Bl’ 32, B3. The loss of

17 A20 A3
energy from K to these atoms is found to be less than 1 eV, but the suc-
cessive close-packed bonds KS1 and 5182 absorb considerable potential
energy which the knock-on has to supply in order.to make a replécement
at Sl. It turns out, in fact, that the (11ll) is the hardest of the
three main crystal axes for making a replacement and hence for creating
a stable defect.

| In.the (100) direction, there is only one barrier plane, formed-by
A1A2A3A4, but this barrier .absorbs a goéd deal ﬁore energy (5-6 eV) from

K. On the other hand the KS, bond does not absorb as much potential as

1
the corresponding cloée-packed'bond in the (111) direction, since it is
more open. Furthermore, the same four atoms which oppose the motion of

K help tao push K forward once it clears the halfway mark, Thisc ic a
characteristic of the (100) threshold,\which we find to be the lowest

of all the three ﬁain crystal directions.

-In the (110) direction, the barrier is highly asymmetrical; since A1A2
is‘equal to a, the cube edge, while AjA, is /2 a. 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 cloée-packed,(111>,direction show

a small energy loss at each step and, therefore, transfer kinetic energy
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over L;rge‘distances in the crystal. In the hard-sphere model tﬂese cor-

respond to Silsbee's focused chains.17 Figure 8 shows the time-dependence

of the kinetic energy in such chains. The initial energy loss from K to

S1 should be noted; it is the loss that provides the potential emergy 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 R in 7 x 10'.13 sec.

This corresponds to a mean velocity of 1.8 x 106 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 tb increase sharply when the

pulse veloci;ies_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 R.i At this point the energy in the pulse wiil have

- dropped to the order of the bond energies. Thé ;elocity of the 35 eV pulse.

shown in the lower curve is op1y~§1£ght1y lower: the pulse starts with

‘.1.7 X 106 cm/sec and slows down to 1.3 x 106 cm/sec when it‘reaches the

30th stfuck atom. This velocity 18 still 2-3 times the velocity of soﬁpd.-
. Pulses initi#lly stﬁrted at some angle to the (111) direction ha§e.

also been studied. Table 2 showé that the attenuation becomes larger

and the average pulse velocity v becomes somewhat lower as the initial

aﬁgle to the (111) increases.
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TABLE 2

‘Maximum Kinetic Energies (eV) Transferred to Successive Atoms and the

Average Pulse Velocity v (106 cm/sec ) in (111) Collision Chains

E - Initial angle E ‘E,- E E E. E E E v

° to (111) [ S S S L S
40.0 4.75° 319 29.6 27.3 25.4 23.5 21.6 20.0 18.7 1.7
39.0 7.25° 29.8 26.1 23.2 20.5 18.1 16.2 14.7 13.5 1.6
39.0 10.75° 18.5 10.1 6.2 4.5 3.5 2.8 2.1 1.5 1.1

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‘lo atomic distances. This is consisten; with other dyn;mic results
which indicate that the defects formed by (100) chains are closer to their
vacancies than those formed by (111) pulses of eqﬁal energy. The effects
éf thermal vibrations on‘the lengths Qf these chains remain to be
.studiéd.

In the (110) direction enefgy losses are still greater for each step
in the replacement sequence. Figure 10 shows a replacement sequence ini-
tiated Ey a 100 eVlknock-on at 1° to [110] in tﬁe (001).plane. Successive
replacement collisions are clearly correlated. They start initially
vin ‘[110] and defocusing causes a change in direction to a [010] sequencé.
The kinetic energies transerred to successive replaced atoms in this
. seéuence were calculated to be 73.4 eV to atom A, 49.7 eV to atom B, and
18.2 eV.to atom C. The interstitial is seen in Fig. 10 to be forming
;round the site E. |

As in the f.c.c. case, there is a strong tendency of energy to propagate

along two preferred directions; in the b.c.c. case these are the close-packed (111)
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and the cubic (100) directions. The focusing parameters A(E) associated
with these two directions have been studied. ' A collision chain was
characterized in the ith stage (i = 1,2,3,...) by an energy Ei (the kinetic
energy of the atom at the point of its maximum kinetic energy) and an
angle Gi (angle between thg axis of the chain and the velocify vector of
the moving atom at its point of maximum kinetic energy). If the angle
at the next stage is Oi s 1 the focusing parameter at the stage i is de-
}ined as
A(Ei) = Qi + 1/9i (6)

The valuesof A(E) for a Qariety of energies E and angles © below
10° have been calculated and plotted against E in Fig. 11 for (111)
and in Fig. 12 for {(100) chaiﬁs. As in the f.c.c. case (reference 1)
'»very little dependence of A on © was observed. The energy below which
a (111) chain focuses is seen in Fig. 1l to be about 28 eV. According
to the hard-spheré picture this energy should be 2V(/3/2) or. 59 eV for
our potential. Obviously the hard-sphere model overestimates the
focusing for such a potential. In Fig. 12 the focusing parameter of -
{100} ch#ins within the b.c.c. lattice is shown, together with fhat of
an isolatgd.row héving the same spacing as a (100) row and interacting
with the same potential. It has been suggested recentlyls'that the
focusing mechanism in the (100) direction for a b.c.c. lattice should
be independent of the action of the neighboring atoms, i.e., governed
purely by the Silsbee mechanism. Figure 12 iﬁdicates, however, that an
isolated row exhibits practically no focusing and that the observed
focusing must, therefore, be attributed;to the action of the neighhars

forming the barrier plane A1A2A3A4 of Fig. 7. 1In this case too, focusing
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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(1l) = 24.6 eV.

C. Directional Dependence of Displacement Threshold

In the simplest model of radiation damage (hard-spheres in a random
-assemﬁly), a constant threshold energy Ed 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 §isp1acement probability Pd(E) which will start up
from zero at a minimum threshold (the threshold in the easiest direction)
and reach unity at some‘higher enefgy. ‘Refined calculations of radiation
damage have employed the function Pd(E) but ﬁave had to make arbitrary
assumptionsas to its form. It was of interest, therefore, to calculate
the threshold for each direction in the present model, whiéh includes
diréctional and many-body effects without arbitrary assumptions, aﬁd
from this to derive Pd(E). | |
In Fig. 13 a spherical triangle is shown that contains all the non-
equivalent direction for the knock-on. 1In the present calculations, the
three edges of the triéngle were systematically inveétigated, as well as
a number of directions on the interior of the triangle. For each direction
the threshold was estimated by finding two energies, the higher of which
gave a stéble replacéﬁent 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 neighbof or a third neighbor dependihg on whether its original

direction is closer to a (l11), a (100) or a (110) axis. This pattern is
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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 X centered on

it and containing the 12 third neighbors. At higher energies (above 70 eV)
the knock-on was found to replace the 4th, 5th, etc. neighbor, if it was
directed in an "internal" direction between the main crystal axes.

Figure 14 shows the directional dependence of the displacement
threshold energy in the twb plangs (001) and (110). The direction of
easiest displacement is seen to be [100], giving a minimum threshold of
~ 17 eV in our model with Potential IIXI. The local minima in the vicinity
of [110] and [111]\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 [100] does not
show this effect to any significant degree, while it is rather pronounced
in the [110] and especially pronounced in the [111] directioﬁ. This is
because replacements are energetically easier with a small degree of de-
focusing. The range of initial directions in which the replacement is
in the (111) direction is éeen from Fig. 13 to be large and to be sym-
metrical 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 direction. 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 final re-
placement in either of the two directions and returns to its site. 1In
such directions the threshold is limited by another type of replacement

(to the 4th neighbor, 5th neighbor, etc.) at higher energies. These
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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 stereo-
graphic triangle. The integ;ated probability Pd(E) of displacement as a
function of knock-on energy, for a randomly directed knock-on, is shown
in Fig. 16. The integration has been carried out numerically by taking
into account the contours of threshold in different directidns and using
the symmetry properties 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 thelcurve
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 det#iled calculations
reported in this paper) thg 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 Walker19 have
carried out such measurements with iron. The best fit for their results
corresponded td a "staircase function"20 for the displacement probability{"'
This function is shown in Fig. 16 for comparison with our calculated-curve.
It should be noted that the lowest electfon energy they used was 600 keV,
so that the comparison should be made only for knock-on energies above
~ 35 eV. With this restriction there is reasonable agreement between
the curves. Both show an extended region between 40-60 eV where P, lies

d

between 0.6 and 0.8. It remains to be seen whether electron-bombardment
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with 19wer energy beams ( ~ 300 keV) on oriented single crystals of
.a-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 (1ll)-oriented crystal and in a
(100)-oriented crystal under the same electron bombardment conditions.
Such an experiment would provide an impo:tant test to the interatomic
potential assumed, and an experimentally obtained curve of Pd(E) vs. E
could help to determine the potential more accﬁrately in the range of

intermediate separations.

5. CONCLUSIONS

To the extent thaf the interatomic potentials at the sebarations of
interest to radiation damage processes can be accurately simulatgd 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 displace-
ment processes. This was first established in the case of the f.c.c.
lattice,1 using copper as a model, and the prgsent calculatiéns show
that the case of a b.c;c. lattice is qualitatively similar.

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

1) The key mechanisﬁ of displacement at low energies is a dynamic
replacement by the knock-on. The knock-on itself does mot go into an
interstitial configuration but replaces one of its neighbors. At
threshold energies this can be a nearestAneighbor, a second 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



- 21 -

replacement by the knock-on causes a more or less extended sequence of
.correiated replacements, and the interstitial is formed several atomic
distances from the vacancy. Such a sequence is probably the most im-
portant mechanism in separating the interstitial from the vacancy.

2) The stable form of the interstitial in the b.c.c. lattice is’
found to be a split configuration oriented along (110). Both potentials
1T aﬁd 111 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 f.c.c. 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 inferstitial. This minimum separation is largest for a pair
in which this line is a (11ll)(close-packed) direction. All cloée Frenkel
pairs were found to be unstable.

4) Collision chains are found to be prominent in (1;1) and (100}
at threshold energies. Séquences 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 amd the greatest range. The effects
of lattice vibrations on the range of the chains ﬁave not yet been ex-
amined, but small angular deviations in the original direction of motion
of the knock-on have a relatively small influence on the velocity of
the pulse.

5)_ The threshold énergy for displacing an atom is highly dependent
on direction. In the b.c.c. lattice the direction of easiest displacement
is near (1UU) (estimated threshold 17 ev for Potential III). The

thresholds for (110) and (111) are about 34 eV and 38 eV, respectively.



- 22 -

The details of the replacement process are different for each direction,
since they depend on the barriers formed by meighboring atoms. The
miﬁimum threshold associated with each of the above direction occurs a
few degrees off the axis. The thresholdsexactly along the axes are
significantly higher. The threshold shows sharp increases in inter-
mediate directions between two crystal axes. At such directions the
threshold is limited by replacements outside the spheres of third
neighbors. 1In some other cases the knock-on can-displace one neighbor
"and replace another. A di-vacancy is thus created. Prelimiﬁary 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 displacement is a slowly rising
function of knock-on energy, in contrast to tﬁe step-function forms often
used. For the energy range ( > 35 eV) where comparison is valid, there is
reasonable agreement between the éalculated displacement pfobability vs.
energy curve and Lucasson and Walker's best-fitting "staircase" function.

7) The calcqlations indicate that, at knock-on energies lower than
35 eV, damage is due primarily to the formation of defects by (100) re-
placement sequences, and the displacement probability is considerably less
than one. Bombardments of single crystals of @-iron with electrons be-
low 300 keV are needed to show to what extent the predicted large dif-
ferences in the damage in different orientations are real. Such ex-
periments could also provide valuable information concerning the inter-

atomic potential at the separations of interest to threshold events.
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Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5

Fig. 6

Figure Captions

Interatomic potentials for a pair of iron atoms as a function of their
separation r. Most of the detailed work reported was done with
Potential III.

Potential II and III at the larger éeparations. x, is the equilibrium
separation of nearest neighbors in the crystal (30 = 2.48 angstroms),
a is the cube side (a = 2.86 angstroms), I is the cut-off separation
for present machine calculations.

Configuration of the split interstitial in the g-iron model with
Potential III. Atoms in the {110} plane. containing the

interstitial are shown. Dotfed contours denote the original positions
of the atoms in the perfect lattice énd the full spheres correspond to

their relaxed positions.

" Orbits of atoms in a dynamic event initiated by a 60 eV knock-on

directed at 25° to [100] in the (001) plane. The knock-on (0) makes
a replacement at a third neighborlsite (C) and a chain of replace-
ment proceeds in [010].

Orbits of atoms in a dynamic event initiated by a 65 eV knock-on

‘directed at 25Q to [0UL] in (110) plane. Focused. chains are seen

to proceed from the replaced second neighbor (A') in addition to a
long replacement chain which will lead to the interstitial.
Formatioﬁ of a di-vacancy. The knock-on (a£ 0) makes a replace-
ment at the site éf a third neighbor (C) after a displacement col-
lision with a nearest neighbor (B), Two vacancies are created (at
0 and B). One interstitial is seen at D, the other is expected to

form beyond E.



Fig. 7
Fig. 8
Fig. 9
Fig. 10
" Fig. 11
"Fig. 12
Fig. 13

'S

Figure Captions (continued)

Diagrams showing the different barrier planes influencing dynamic re-
placement chains along the main crystal axes. K denotes the knock-on,
1;82,. . are the first, second, etc. struck atoms in the chain.

Neighbors forming the barriers are shown by A . and B

‘ 1,2° 1,2°

The attenuation of (11ll) pulses with time. The pulses have shock-
wave velocities (1-2 x 106 cm/sec.) and transfer kinetic energy with
little loss over long distances in the crystal. Note the initial

kinetic energy drop which supplies the potential energy required to

propagate the pulse.

‘The attenuation of (100) pulses initiated at different angles to

the chain axis.

Correlatéd ;eplacemeﬁt sequences iﬁifiated by a 100 eV knock-on

at 19 to [(110]. Replacement sequences.start in [110] and defocusing’
causes a change of direction to [010]. Only one defect is made.

Focusing parameter A(E) as a function of energy E for a (l1ll) chain.

.The limiting energy for focusing is about 28 eV.

Focusing parameter A(E) as a function of E for a (100) chain. The
lower curve refers to an actual (100) row within the b.c.c. 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 tﬁe action of the neighbors. The limiting energy for focusing

is .18 eV.

Diagram showing the pattern'of replacements by the knock-on at'neéf-
threshold energies. The knock-on replaces a nearest neighbor, second

neighbor or a third neighbor depending on its initial direction.



Fig. 14
Fig. 15
Fig. 16

Figure Captions (continued)

\

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 thrgshold
of ~ 17 eV»in our model. Thresholds in (110) and (111)'are ~ 34 ev
and ~ 38 eV, réspectively. Note the sharp increases of the threshold
between the low-index directions and the highly asymmetrical angular
region in thch (110)-type replacements are possible. |

Contours of constant displacement threshold in the fundamental triangle

bounded by the (100), (110), and (111) directions. The azimuthal and

polar angles ¢ and © define the original knock-on direction.

The integ?ated d;splacement probability Pd(E) for a knock-on of
énergy E and random direction. " Contributions of three low-index
directions are shown separately. Note fhe complexities caused by
the directional dependence of the threshold. -The "staircaseh
fﬁﬁction of Lucasson and Walker, which gave a good fit to~their ex-

perimental data on electron-irradiated g-iron is shown for comparison.
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