GEMP-200
(Informal)

MASTER

()p(/(/f/()//

COMPUTER PROGRAMS DESCRIBING
COLLISION CASCADES IN BINARY MATERIALS
II. WURTZITE STRUCTURE

D. G. Besco
J. R. Beeler, Jr.

Sy e AR

FLIGHT PROPULSION LABORATORY DEPARTMENT
GENERAL @3 ELECTRIC



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



DISTRIBUTION

External

w-32: Mathematics and Computers -

Internal

E.A. Aitken

N.R. Baumgardt
J.R. Beeler (5)
D.G. Besco  (20)
H.C. Brassfield
V.P. Calkins

P.K. Conn

J.A. Delaney

H.S. Edwards

Je MacDonald
J.A. McGurty

C.S. Menke

J. Moteff

G.T. Muehlenkamp '
M.J. Schumacher
P.P. Turner

J.F. White

J.W. Zwiek

Report Library (3)

LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United States, nor the Commission, nor any person acting on behalf of
the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accuracy, completeness, or usefulness of the information contained
in this report, or that the use of any information, apparatus, material, method, or process disclosed in this report may not infringe privately owned
rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting trom the use of any information, apparatus, material, method, or process
disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission’’ includes any employee or contractor of the Commission, or employee of such con-
tractor, to the extent that such employee or contractor of the Commission, or employee of such contractor prepares, disseminates, or provides access to,
any information pursuant to his employment or contract with the Commission or his employment with such contractor.

»”



&

3 GEMP -200
(INFORMAIL)

COMPUTER PROGRAMS DESCRIBING
COLLISION CASCADES IN BINARY MATERIALS
IT. WURTZITE STRUCTURE

D.G. Besco

J.R. Beeler, Jr.

Printed in USA. Price $1.25. Availeble from the
Office of Technical Services

U.S. Department of Commerce
Washington 25, D.C.

February, 1963

Work Performed Under Contract AT(40-1)-2847
for the Tnited States Atomic Energy Commission.



Abstract
I. Introduction
IT.

III.

Iv.

TABLE OF CONTENTS

Physical Model and Computation Methods

l. General Problem

2. The Wurtzite Structure

3. Tracing Method

4. Calculation of Scat

5. Dispiacement Model
6. Scheduling of Colli

7. Placement of Inters

Program‘USage

1. Input

2. Output

3. Running Time

4. Error Returns

Programming Informetion
1. System and Setup
2. Subroutines

3. Occupancy Table

Appendix
l. Sample Input

2. Sample Output

References

tering Angle and Energy Transfer

sion Traces

titials

13

14

23

23

25

29

29

33

35

36

36

36

37

39

41

42

43

50



ABSTRACT

An IBM 7090 computer program calculates the results of knock-on |
cascades initiated by the injection of a single atom into a binary
solid. The program represents an extension to the real wurtzite
structure of beryllium oxlde, of an earlier calculation in whieh,
for simplicity, the cascade was confined to & square planar lattice.
Interactions between atoms are computed using a hard sphere approxi-
mation to the Bohr screened coulomb potential. Output from the
computer includes a complete casceade history, including range and
displacement statistics, and a listing of the final péttern of point
defects. The program is designed to assist in interpreting the re-

sults of ion bombardment experiments on BeO.



I. INTRODUCTION

This report describes an IBM 7090 computer progrem which is the second in a
series intended to describe the detailed features of knock-on cascades produced

. in binary solids by lon bombardment.

An earlier program [1] traced such cascades under the simplifying assumption
of a square planar lattice (SPL). Using the experience gained in programming
and in analyzing results from the SPL program, the present code was written,
applying the same physical laws, but introducing the additional complexity of

the real three-dimensional crystal structure of wurtzite.

The basic physical assumptions underlying the calculation are retained

from the SPL program end consist of the following:

1) All interactions between atoms may be approximsted by elastic
collisions between two hard spheres, one of which is initially at
rest. The sphere radius is teken to be the distance of closest

approach implied by the Bohr screened coulomb potential.

2) The criterion for atom displacement is the model of Snyder and

Neufeld. (See II.S).

The computer output consists of the straight-line distance travelled by
the injected primery atom, the number of atoms of each type displaced in the
cascade, a complete history of all collisions, if desired, and a table showing

the final configuration of point defects.

Results which may be obtelined from running the progrem include the

following:



1) Pictures of the form teken by the collision cascade. These are
obtained by plotting the pfojection onto various planes of the

paths taken by the primary atom and the knock-ons.

2) The energy distribution of primary knock-ons and of all displaced

atoms.
3) The range distribution of primary atoms with a specified energy.
4) The effect of crystal geometry on stopping power.
5) The displacement functions (g-functions) for primary knock-ons.

6) Three-dimensional pictures of the form taken by the pattern of damage
in the crystal, and informetion about defect clustering. The pletures
vere obtalined by plotting the informaetion conteined in the defect
table on stacked plexiglass sheets, using map tacks inserted in per-
forations corresponding to the atom sites and interstices of the

wurtzite structure.

These results will be useful in interpreting the results of ion bombardment
experiments and in providing a basis for analybtical work on the kinetics of
snnealing by giving a picture of the spatisl distribution of simple defects and

defect clusters.

In addition, the wurtzite program, as a first attempt to perform a meaning-
ful three-dimensional radiation damage calculation using.a real crystal structure,
will provide the foundation for further calculations using more sophisticated

collision laws and other crystal structures.



II. PHYSICAL MODEL AND COMPUTATION METHODS

1. Genera} Problem

Given information ebout a Wurtzite structure and a single primary atom
moving in the structure, the task of the program is to locate all collisions in
the cascade of activity resulting from the presence of the moving atom, and
determine the results of these collisions, using the hard sphere collision
laws. In particular, for each collision the energy transfer and scattering
angle are computed, and a determination is made of which, if either, of the
two atoms 1s free after the collision to move on through the lattlice and have
other collisions. This process continues until the entire amount of energy
supplied by the primsry has been dissipated by displacing atoms from their

sites and by agltating them thermally.

The non-geometrical aspects of the wurtzite calculation are similaer in
many respects to those of the SPL calculetions. Those items which are ldentical
in the two programs are discussed only briefly in this report. Where necessary,

reference is made to the SPL report for a more complete discussion.

2. The Wurtzite Structure

In connection with experiments on ion bombardment of beryllium oxide, the
wurtzite crystal structure is of interest. Wurtzite is a hexagonal structure

usually associated in the literature with zinc sulfide.

For the purposes of this calculation, it was convenient to impose a rec-
tangular grid upon the crystai, dividing it into identical "boxes'". See Fig. 1.

The usual orthogonal x, y, and z axes are used, with the separation distance
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between grid planes dictated by the repetition of configurations along the
three directions. In other words, the grid is chosen so that each box is

identical with respect to the set of lattice sites it contains.

The dimensions of the lettice are described by the lattice constants & and
¢, where a is the separation dlstance between like atoms along the x-direction,
and ¢ is the separation distance between like atoms along the z-direction. Other
constants of interest are A, the interatomic first neighbor distance, and B, the

distance between close XY planes of unlike atoms.

. ) 2
(1) B = \/LZ - -—__E§____—
4 cos® n/6

For room temperature beryllium oxide, these constants are: [2]

e = 2.69 %

(o]
c = 4.39 A
A = 1.652%
(o]
B = 0.5¢ 4

The computational elements of space are boxes (rectangular parallelipipeds)

determined by the aboée-mentioned grid. A box has dimensions as follows:

X

(2) D. = 2V A2 - B2 cos /6

(3) p, = 24 AZ - 82 (1 + sin n/6)

y

(4) D, = 2 (A + B)
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Bach box contains twelve possible positions for atoms, eight normel atom .
sites and four interstitial positions. Specifically, the contents of a box are

given by the following table, where (xo, Yos Zo) is the box origin.

Position ' ‘ Type
Number (1) *y i % Position
1 x_ + 1/2 JA2-BZ cos /6 ¥, +1/4 JaZ-pZ z_ + AJA 0
2 x1+3/2 JAZ B2 cos n/6 yl+~/X2—-_B—2 sin /6 z, + B B
3 X »4 y, +1/2 Ja2_p2 Z, + A/2 Int.
4 X, Y5 + A/2 2, 0
5 Xy Yy + AZ-BZ gin n/6 Z, B
6 X, Yg + 1/2 JXZ_-B? Ze Int.
7 Xy Yy 2, + A + 2B B
8 X, Yo Z, + A 0
9 Xy Vs z, + A/2 Int
10 X, Yy Z, B
11 Xg Yg Zg 0
12 Xg Ye Zg Int.

For illustrations of the wurtzite structure, see references [3], [4], and [5].

In addition to BeO, the wurtzite structure is also displayed by the following
compounds and alloys [6]: Ag In S, (H.T.), AIN, Al;S,Z (H.T.), Al Ses, Cds,

CdSe, Cr, H to CrH, Cr0 (?), CuH (?), GaN, B-Ga,S;, InN, Mgle, B'-MnS, y-MnSe,

2
Zno, ZnS.
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3. Tracing Method

Given parameters describing an energetic atom (Pl) moving in the érystal,
‘the first task of the computer is to search out the next atom for which the
results of a collision are to be computed. Since only binary events are con-

sidered, only one atom need be chosen.

Assume P, to be located at (xl, Yy zi) in box (i, j, k). The first set

1
of atoms to be tested consists of those located in box (1, j, k). If the
box contains interstitials, all positions are tested; if not, only positions

1, 2, 4, 5, 7, 8, 10, and 11 are tested.
In testing a position, the computer executes the following sequence:

1) Determines whether the position is that of one of the two most recent

D

targets collided with by P If so, the position is reJected.A This

1'
test is masde in order to prevent "cycling", i.e. repeated collisions

alternatively with a peir of atoms between which P. is passing.

1

2) Looks up occupancy of the position. If vacant, it is rejected.

3) 1If occupied, computes the projection Dm of the line Jjoining the
centers of P1 and the prospective target, along the line of flight
of Pl’

(5) D, = (x, - x

4 l) cos a + (yi - yl) cos B + (zi - zl) cos ¥

where (xi, ¥y Zi) is the position of the center of the prospec-
tive target and the cosines are direction cosines for Pl' If Dﬁ is
negative, the position is rejected. If Dm is not the smallest ﬁosi-
tive Dm computed so for any position in this box, the position is

rejected.
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4) Otherwise, the impact parameter for Pl snd this target is calculated.

-D

2
) m

(6) p=l[(x, -x)%+ (v, -v)%+ (2 -2, 2 j1/2

Ifp > Ppax’ the position is rejected. Prox is an input quentity.

Thus, the atom at the position in the box for which the smallest positive Dm

is computed, and is not rejected for other reasons, is taken to be the target

(P,).

If every atom in the box is rejected, a new box is selected and the process

is repeated.

The selection of the next box proceeds according to the following scheme:
xB, yb, and zB are computed, where xB is the x-coordinate of the next YZ grid
plane (box boundary) to be pierced by the line of flight of Pl’ 2N is the y-

coordinate of the next XZ plane, and Zg is the z-coordinate of the next XY plane.

Three secondary boxes are thus determined. These boxes are ordered by
arranging the quantities | X - X |, | ¥y - Vg | , and | Z) - Zp | in
ascending order, i.e., in order of "nearness". The three boxes are then tested
in this order, to find an acceptasble target, the rejection procedure being

that described above.

4; Calculation of Scattering Angle end Energy Transfer

The following discussion assumes & moving atom (Pl) has been found to be
in collision with a stationary target atom (Pz) located by the method of II.3.

Subscripts 1L and 2 refer throughout to the moving and target atoms respectively.
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e) Hard sphere radius

The two atoms are assumed to collide at the separation distance equal to
the distance of closest approach associated with the potentisl V(r) appropriate
to the collision process. This is defined to be the separation distance at which

the radial velocity component vanishes [7].

2
ar \/ 2 £
(7) radial velocity = 3 = _ﬁ; [ Eo - V(r) - §ﬁ;§2 ]

vwhere r is the distance between centers, V is the potential energy at separation
r, £ is the angular momentum of the collision, Eo is the total kinetic energy

in the center of mass coordinate system, and Mb is the reduced mass of the

system.
(8) T

M)+
(9) L=p V2 M E, = constant
(10) ' E =E _© , from which it follows that

. Ml
2 2
(11) £ - P <~Mb
2M 12 re My El
[o]
Thus, from (7), dr/dt = O when
22

(12) V(I') = EO - -Z-M-o—r'g

Inserting (10) and (11), (12) becomes,
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M / 2
(13) V(x) P B (} % )
The calculations assume the Bohr exponentially screened coulomb potential:

2,2, €Xp (-r/a)

r
where
e
(185) & = 2/3* 273 1/2 = sgcereening radius
(zl + 2z, )
o)
(16) & = 0.529172 A

Combining (13) and (14) yields

-1

+ 2 ; 2
(17) r o= Mle "2 ;Eiz exp (-r/a) ( 1 - §§ )

For each collision, the computer employs a Newton-Raphson iteration to
solve (17), thus obtaining the distance of closest approach for the collision,

which is the sphere radius to be used in computing the results of the collision

using the hard sphere model.

The parameter A 1is an input value which adjusts the "hardness" of the

Bohr potential.
o
For larger values of p, (p > 1A), (17) may be approximated by

(18) r = p(L+34)
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where

M
(19) ¢ = z, 2, < _l_£EMZ> exp (- r/a)

P E,

In contrast, some investigators have employed a hard sphere approxima-
L3
tion which is independent of impact parameter; i.e., the distance of closest

approach is always calculated for a head-on (p = 0) collision [8].

The above scheme always results in a solution r such that r > p, in other
words, a "miss" 1s not possible. This has the effect, in computation, that
an atom cannot enter and remain in & region of zero potential, which would

result in the computer hunting indefinitely for a collision.

b) Point of collision

Given atoms Pl with center at (xl, Yy Zl) and P2 with center at (xz, Yos
zz), in collision with hard sphere radius r, the method for computing the point

. of contact (xc, Yo zc) is described below.

r is in reality an effective radius depending upon both Pl and Pz.

Geometrically, we assume Pl has radius zero, and P2 has redius r, so that

2 2

2 2
= - { - -
(20) r (%, - %07 + {y, - ¥p)" + (2, - 25)
Expressing Xys Voo and z, parametrically:

(21) X, = X +8t
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(22) Y

(23) 2, = Zy +¢c t

where &1, bl, and c, are the direction cosines for Pl'

Substituting (21), (22), and (23) in (20),

2 2 2
(24) (xl +a, t - xz) + (yl +b t-y,)" + (2 + ¢ t - z5)

Expanding (24) snd collecting terms,

2 2 2
(25) (xl - xz) +28, t (xl - xz) +8," 5y

2 2,2
+ (¥ - )" 420 v (y) -¥,) +0,7 %

2 2 2 2
+ (zl - zz) +2ct (z1 - zz) +e,"t" -1 =0

Using the fact that a +c = 1, (25) may be written as a

quadratic in t:

(26) t2 4+ 2 Bt + C

]
o

where

(27) B = [a, (¥, - %)+, (yy - ¥,) +¢ (2y -2,) ]
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(28) c = [ (xl - xz)z + (yl - yz)z + (Zl - zz)

The solutions to (26) are:

(29) t. = -B+ VB2 - ¢

1

(30) t, = -B - VB2 - C

2

letting T be minimum positive value of tl’ tz }, the solution for the

point of collision follows from (21), (22), and (23):

(31) X = Xl + &lT

c
(32) Yo = ¥, + B T
(33) 2, = 2, + ¢ T
c) Scattering angles (See Figure 2)

The direction cosines for the path of P2 after collision are given by:

(34) a, = (x2 - xc)/r
(35) b, = (v, -y )/r
(36) c, = (z2 - zc)/r

let (ai, b', ci) be the set of direction cosines for Pl after collision.
1
Taking the cross product of the vectors (ai, bi, ci) and (al, by, cl), we find

that the vector with direction numbers

- 1 - 1
(37) a, = bl ¢, - by cl



(xl’ Yy zl)

FIGURE 2
SCATTERING ANGLE CALCULATION

02
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38 b = ¢'a, -~c¢, &
(28) 1 L1

39 ¢ = &a'b' ~-a b
(39) 1 10

is normal to the collision plane.

Considering dot products involving (ai, bi, ci), Wwe can novw write three

simultaneous linear equations in (ai, b, ci).

(40) &, ai + bn bi + e ci_ = 0
(41) a, ai + b2 bl o+ ¢, ci = cos (6 + o)
(42) & & + by b; o+ e, ¢y = cos 8

where ©_1s the angle through which Plhis scattered, and ¢ is the angle of P2

relative to the original direction of Pl‘

From the hard sphere model [l] we know that

(43) sin ¢ = p/r
(44) cos 6 = —gif + 2 sin® o -1
1/2
r4
[ < ¥}'> + 2 gl 2 sin® Q - 1) + 1 ]
Mo o
The equations (40), (41), and (42) are then solved in the usual fashion,
yielding > 2
D

45 8' = ——
(45) 1
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- 2
! = —_—
(46)  »J 5
D
3
(47) c]'- = 5
where
(48) D = a b c
n n n
8y P2 Ca
- 1 1 1
(49) Dl = 0 bn Cn
cos (©+) b, c,
cos © bl ¢y
(50) D2 = a.n 0 Cn
8, cos (8+Q) c,
al cos © cl
(s1) Dy = 8, b 0
a, bz ~cos (6+p)
al bl cos ©

d) Energy transfer

The energy transfer from P, to P, by the collision is given by [9].
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4 MlMéEl cos2 )
(i, +1)°%

(52) E

5. Displacement Model

The model for atomic displacement which is assumed in the calculations is
one due to Snyder and Neufeld [10]. The four types of collisions possible in
this model are outlined in detail in [1] and illustrated schematically by

Figure 3.

The differences between this model and two other.well-known models [10]
should be pointed out. The model of Kinchin end Pease differs in that the
struck atom is not assumed to lose energy Ed before moving off through the
lattice to possibly make other displacements. The model of Seitz and Harrison
differs in that there is no allowance for the possibility of replacement

collisions.

In a monatomic materiel, the number of displacements. v (E) predicted

theoretically by the different models is as follows:

(53) Seitz-Harrison: v (E) & 0.561 (E/Ed)
(54) Kinchin-Pease: v (E) & 0.5 (E/Ed)
(55) Synder -Neufeld: v (E) & 0.35° (E/Ed)

6. Scheduling of Collision Traces

In general, the injection of an energetic atom into a lattice causes a

heavily branching cascade of collisions. The computer must thus approximate



I. Scattering
Pl continues through lattice with
1 = -
gnergy E1 El ETR

P2 remains at lattice site

II. Displacement

| P -
Pl‘continues with El'" El ETR

Pz displaced. Moves through latti e

with energy E, = ETR - Eb

IV. Interstitiel Formetion

P1 captured at interstice adjacent

to Pz

P2 remeins at l&tyice site

III. Replacement

P

1 captured at lattice site

occupied by P2

P

o displaced. Moves with

By = Brg - B

®p

e

Fig. 3 - Snyder-Neufeld model for atom displacement.

2
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& large number of events occurring more or less simultaneously by computing
successively the results of separate, independent, binary collisions. The

scheduling of these calculations is guided by the following two rules:

(1) Each atom in the set of atoms moving though the lattice at a given time
is traced to its next collision before any atom in the set is traced

a second time.

(2) when a displacement occurs, the rost-collision velocities of the pro-
Jectile and target atoms determine the order of tracing. The fastest

one is traced first.

The computer keeps & table of the parameters describing each free atom.

Section II.6 of [L1] describes the handling of this table.

7. Placement of Interstitials

When a collision occurs in which Pl fails to displace Pz, but is itself
left with energy less than Ed’ the program inserts P1 into one of the neighbor-
ing interstices (box positions 3, 6, 9, 12) Which interstice is chosen depends

upon the box position of P, and upon the location of the point of collision

2
(xc, Yoo zc) relative to (xi, Yo zi), the center of P,. The "octant" of
the sphere with center at (xi, Yi» Zi) in which (xc Vos zc) lies is the de-

termining factor. The nearest interstice to P2 in the direction of the octant

of collision is the one chosen.

The octants are numbered as follows:
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Octant ' X =X

The table below gives the interstices determined by P, end the octant of

2
collision. Box (I) gives the coordinates of the box containing I relative to

the coordinates of the box conteining P_, i.e. taking the coordinates of the

2
latter to be (0, 0, 0).

Pos (Pa) Octant - Pos(I) Box(I)

' . X N4 4
1 1 3 0 0 0
1l 2 3 0 0 0
l 3 6 -1 -1 o
1 4 6 0 -1 0
1 5 9 0] (0] -1
1 6 9 o 0 -1
1 7 12 -1 -1 -1



"Pos ( _Pz) Octant
2 1
2 2
2 3
2 4
2 5
2 6
2 7
2 8
4 1
4 2
4 3
" "
4 5
4 6
4 7
4 8
5 1
) 2
5 3
S 4
) 5
5 6
S) 7
5 8

Pos(TI)

12

12

12

12

12

12
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Box(I)
X ¥ 2
1 0 0
o 0 0
6] -1 ¢)
0 -1 0
1 0 -1
0 0 -1
0 -1 -1
0 -1 -1
0 0 0
0 0 0
o 0] 0
1 0o 0
0 0 -1
0 0 -1
0 0 -1
1 0 -1
0 0 0
-1 0 0
0 0 9]
0 0 )
o 0 -1
0 0 -1
o 0 -1
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Pos (Pz) Octant
7 1
7 2
7 3
7 4
7 5
7 6
: ;,
7 8
8 1
8 2
8 | 3
8 4
8 5
8 6
8 7
8 8
10 1
10 2
10 3
10 4
10 5
10 6
10 7
10 8

Box (I).

Pos(I) X y z
9 0 0 0
9 0 0 o
12 -1 -1 0
12 0 -1 0
3 0 o 0
3 0 0 0
6 -1 -1 0
6 0 -1 0
9 1 0 0
9 0 o 0
12 0 -1 0
12 0 -1 0
3 1 0 0
3 0 0 0
6 0 -1 0
6 0 -1 0
12 0 0 0
12 0 0 0
9 0 0 0
9 1 0 0
6 0 0 0
6 0 0 0
3 0 0 0
3 1 0 0



Cm

29

_ Box (I)

Pos (Pz) Octant ‘Pos(I) X y zZ
11 1 12 0 o o
11 2 12 -1 0 0
11 3 ‘ 9 0 0 0
11 4 9 0 0 0
11 5 6 -0 0 c
11 ' 6 6 -1 0 0
11 7 3 0 0 0

11 ' 8 3 : 0 0 0

If P2 is itself an interstitial (position 3, 6, 9, or 12), that interstice
is then recorded as having "multiple" occupeancy end takes part in no further

c&llision sctivity. This is & computational arﬁifice havihg no physical basis.
The situation occurs infrequently enough that it was not thought worthwhile to

program & special procedure to handle it.

IIT. PROGRAM USAG

1. Input

The ilnput data is loaded by the variasble field decimal input subroutine DING,

and is punched in the usual DIP-DING formast. See Appendix for exemple.

The following quentities are input data for the wurtiite program:

a) lattice parameter

A Symbol: A

In angstroms. (See I.2). For room temperature BeO, A = 1.65 X.

O

k3
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b) Lattice parameter

B Symbol: B

In angstroms. (See I.2). For room temperature BeO, B = 0.542.

¢) Direction cosines

cos a Symbols COSA
cos B COSB
cos ¥ COsG

Direction cosines for the initial path of the primary atom. An auxiliary
Monte Carlo program hes been written which will punch date cards for COSA, COSB,

and COSG, randomized according to an isotropic distribution.

d) Primary energy
E Symbol: EO

Initial energy of the primary atom. (Electron volts)

e) Displacement energies

Ed Symbol: ED

ED(1) "= threshold for displacement of & type 1 atom (Be) from & lattice site.
ED(2) = same for type 2. (0)

ED(3) = same for type 3. (Primary)

Units are electron volts.

f) Output control

Symbol: KPRINT
KPRINT(1) = 1l: occupancy map suppressed

KPRINT(1) = 2: occupancy map printed
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KPRINT(2) = O: collision cascade history suppressed
KPRINT(2) = 1: collisions printed only for the primery atom

KPRINT(2) = 2: entire cascade printed

Both KPRINT(1l) and KPRINT(2) are set equal to 2 at the beginning of each

computer run and need not be lncluded in the input unless & change is desired.

g) Charge
Z Symbol : PCHG

Nuclear charge (atomic number) for each of the three types of atoms. PCHG(K)

atomic number of type K atom.

h) Mass

M Symbol: PMASS

Mass number for each of the three types of atoms. PMASS(K) = mass of type

K atom.

i) Meximum impact perameter

Pmax Symbol : PMAX

Collisions.with impact parameters greater than Pmax will be ignored whenever
a closer collision can be found in the original hox or one of the three secon@ary
boxes. Prograh results as a whole are not particularly sensitive to the choice
of Pmax’ A value slightly less than the interatomic sepasration distance is :
reasonable. Entering a maximum radius speeds up the calcﬁlatiqn by omitting-

the calculation of collision events with negligible effect. Units are centimeters.
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J) 1Initial position of primary

Xgs Vo1 Zg Symbols: X0, YO0, zO

Units are angstroms. The collision cascade is restricted to the "first
octant", i.e., all coordinates positive. The crystal may be considered to have
a "surface" consisting of the plane X = 0.~ If at any polnt in the cascade fhe
X-coordinate of some atom becomes negative, it is recorded as having been
"sputtered" from the surface. If a Y or Z coordinate becomes negative the pro-
gram will maelfunction. The initial position must be placed deep enough into
the first octant to prevent this latter from happening, considering the initial

direction which is given.

k) Bohr potential parameter

A Symbol: XIMDA

Constant for use in computing screening radius (equation 15). In general,

1 < A < 2. The magnitude of the repulsive potential increases with increasing A.

1) Atom names

Symbols : TYPELl, TYPE2, TYPE3

Each symbol is 2 machine words, consisting of the BCD name of the type 1,

type 2, and primary atoms, respectively.

m) Option control to trace only the primary atom

Symbol:  KPRIM

When KPRIM = 1, the secondary collision cascade is ignored by the computer,
and only the history of the primary atom is traced. Thls 1s desirable when the
object of the run is solely to obtain range statistics. The normal setting is

KPRIM = 2, which is done by the program at the beginning of each runm.
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n) Change cases

Any number of histories may be calculated in one pass on the computer. Cases
are separated by ends-of-record. TFor each history, only those data items need

be changed which differ from the previous history.

2. OQutput (see Appendix for example)

a) Input printout

The first page of output for each history consists of the input.parameters

for the crystal and the primary atom.

b) Collision history
If XPRINT(1l) = 2, a complete history of the knock-on cascade is printed out

as it is computed. The columns are headed as follows:

N sequential number of collision.
TI type of incident atom.
jT type of target atom.
BOX box coprdinates (x, ¥y, z) of the box containing Pz.
POS lattice position of P2 within that box.
(See IT1.2 and Figure 1)
PBT spatial coordinates of the center of P2 before collision (xz, Yos zz)
(angstroms)
CPT spatial coordinates of the collision point. (xc, Yoo zc)
EBI energy of P, before collision (El) (electron volts).
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EAT energy of P, ®fter collision (Ei)

DBI direction cosines of Pl before collision

DAI direction cosines of Pl after collision

DAT direction cosines of P2 after collision

ETR energy transferred from Pl to P2 by the collision
IFR impact parameter (engstroms)

RAD hard sphere radius

e¢) Occupancy table

If KPRINT(2) = 2, & table is printed at the end of the calculation
giving the occupancy of all interstiées and lattice sites in the region of

the crystal affected by the cascade.

Five boxes are printed per line. The coordinates printed at the extreme
left are the box coordinates of the first box of the line. The succeeding
boxes on the same line have the same X and Y coordinates as the first box, but

successively increasing Z-coordinates.

The columns of the printout represent box positions, referred to by number

(positions 10, 11, and 12 are headed by X, Y, and Z, respectively).

Sites which retain their normal (undamaged) occupancy are left blank.

Non-blank symbols are:

B type 1 atom

0 type 2 atom
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I primary atom
v vecancy
M multiple interstitial
For example:
1L23456 789XY2Z
100 100 100 v I B O

This is interpreted to mean that the primary atom has come to rest at
position 3 of box (100, 100, 100). The oxygen atom at position 1 of this box
has been displaced, leaving a vacancy. The beryllium atom at position 10 has
been replaced by an oxygen atom. A beryllium atom has come to rest as an in-
terstitial in position 9. Interstices 6 and 12 remain unoccupied. Sites

2, 4, 5, 7, 8,yand‘ll retain thelr normal occupancy.

d) Cascade and range statistics
The number of vacancies created during the cascaede is printed, together

with the number of interstitials of each type.

The penetration distance is printed (in angstroms). This is defined to
be the straight line distance between (xo, Yo zo) and the absorption point

of the primary.

3. Running Time

In prbduction runs to date, the program has computed at an average rate
of approximately 40,000 collisions/hour, including the time required to print
out the results of each collision. Omitting the collision printout increases

the computing rate substantially, probably to about 60,000 collisions/hour.
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However, the running time for a glven history is somewhat uncertaln because
of the unpredictability of the number of collisions which will occur. A typical
50 keV cascade, for example, consists of 3000-3500 collisions. But it is not
uncommon for atoms to become "channeled", i.e., travel for very long distances
along certain crystallographic directions of low stopping power. Between
10,000 and 20,000 collisions might be computed for such an atom before it
loses all its energy. So the possibility of anomalously long histories should

be anticipated in estimating running time.

One should be judicious in requesting collision history printout. Since
only 22 collisions can be printed on each page, & large group of high-energy
runs can rapidly produce an awesome stack of paper. In addition, it slows

down the calculetion, &s noted above.

4., Error Returns

DING performs the usual checking for input errors. The progrem itself
checks the input after the first case has been read in. The message: "THE
INPUT DATA IS BOTCHED UP -- TRY AGAIN", means that some necessary item has

been omitted from the input data for the first case.

For checkout purposes, various subprograms call ERROR when impossible
situations arise. By definition, impossible situations do not arise during

production runs.

IV. PROGRAMMING INFORMATION

L. System and Setup

The wurtzite program is coded in FORTRAN and FAP for the IBM 7090. It
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consists of a maln program and 18 subroutines. No auxiliary tapes are required
beyond the standard input and output tapes. The relocatable binary deck is

loaded via the FORTRAN - FAP monitor.

The functions performed by the various subprograms are briefly described

in the following section. See Fig. 4 for flow chart.

2. Subroutines

START: Initislization routine. Called at beginning of each mechine run.
ICQEK: Checke for omigsions in input data at the beginning of each rum.
RESET: Initialization routine. Called after each new deata record is read.
NEWBOX : Computes spatial coordinates of the sites in a given box.

SETUP: (Coded in FAP) Sets up occupancy record for the box, and keeps the

occupancy record table for the entire crystal.
WRITElL: Prints out the input data.

SELECT : Given paremeters describing a projectile atom, determines the site

of the next collision.

OCCUP: (Coded in FAP) Interrogates the occupancy record of a box to deter-

mine the occupancy of a given site.

HSPHER : Hard sphere collision routine. Using the hard-sphere approximation,
computes the trigonometric functions of the planar scattering angles,
and from these the post-collision direction of both particles, and

the energy transfer.

RADIUS: Routine to obtain hard sphere radius by solving equation for distance

of closest approach.
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START

DING

YES
ERROR?

EXIT
NO YES
IcEEK —>{ ERROR? )
NO
NEWBOX
RESET
SETUP
WRITE 1
OCCUP
SELECT NEWBOX
SETUP
( sPUTTER 32
./
NO
HSPHER RADIUS
 YES
(KPRINT(2) WRTTE 2
£ 07
NO
YES
INTST <—<INTERSTITIAL'D<—
B TALLY
SETUP > SETfP
SORT
LATICE T
SORT PTABLE [ WRIEE 3 SCRAVWL
SETUP N0 (FINISHED Y oo
FIGURE 4

FLOW CHART
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WRITEZ2: Prints out the collision history, if requested.

TALLY: Keeps running total of damege statistiecs. Classifies collision

according to type.

INTST: (Coded in FAP) When the progrem determines that an interstitial is
formed, INTST locates which interstice is to be filled, according to

the scheme of section II.7.
SORT: Sorts the occupancy table into order prior to printing.
LATICE: (Coded in FAP) Updates the occupancy record after each collision.

PTABLE : Updetes tables which contain parameters describing the atoms remain-

ing to be traced.

SCRAWL: (Coded in FAP) Converts the internal occupancy record into BCD

images for printing.

WRITE3: Prints the damage statistics, the range, and, if requested, the

occupancy map.

3. Occupancy Table

What follows is a brief description of the manner in which information
about the occupancy of the sites and interstices of the wurtzite lattice is

handled internally by the computer.

The occupancy of each "box" (as defined in II.2) is described by one
machine word. The 36 bits of the word are taken to be 12 octal digits, re-
presenting positions 1 through 12 of the crystal. The occupancy codes are the

following:
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0 - vacant

1l -« typel

2 - type 2

3 - primery

4 - "multiple"

A normel (i.e. undamaged) box would be represented by the occupancy code:

210210210210.

In order to conserve storage, oécupancy codes are created only for those
boxes which are actually affected by the cascade in the sense that it becomes
necessary to search for a collision in the given box. The boxes are built
up as needed es the cascade progresses. Thus core storage is not consumed in

recording occupancy for extraneous parts of the lattice.

For the I-th box created (chronologically) in the course of the cascade,
the three integers representing X, Y, and Z box coordinates are packed into

KBOX(I).

The twelve octal digits making up the occupency code are stored in
BOX(I). This gives the computer access to the up-~-to-date occupancy of any

site at any time during the cascade. The table is updated after each collision.

The occupancy table which is printed out at the end of the cascade is formed
by comparing the occupancy of each box with normal occupancy and transforming

the codes into appropriate BCD images by means of the 7090 convert instructions.



V.

1.

2‘

APPENDIX

Sample Input

Sample Output

41



42

Sample Input

Col. 1 2
A, 1.65,
B, 0.54,

COSA, .55029, COSB, .33629, COSG, .76429,
EO, 1000,

ED, 25, 50, 100,

PCHG, 4,8, 36,

PMASS, 9, 16, 84,

PMAX, 1.4/-8,

X0, 270.73, YO, 469.71, 20, 438.00,
XIMDA, 1,

5 | TYPEl, 2, BERYLLIUM

§ | TYPE2, 2, OXYGEN

5 | TYPE3, 2, KRYPTON
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THREEZDIMENSTONAL ICN BCMBARDMENT -- WURTZITE CRYSTAL

___TYPE_1 PARTICLE IS BERYLLIUM ATOMIC MASS = 9.
TYPE 2 PARTICLE IS OXYGEN ATOMIC MASS = 16.
TTINCIGENT PARTICLE IS KRYPTON ATOMIC MASS = 84.

" INITIAL ENERGY = 1000.0 (ELECTRCN VOLTS)

TTTINITIAL COORUINATES (ANGSTROMS)

T 270.73000
--469.7100C
438.00000

‘
N £
z

TTTINITIAL CIRECTICN COSINES

CCS BLTA =0.33629
CCS GAMMA =0.76429

DISPLACEMENT ENERGIES

TTTBERYLLIUM 25.0 EV
_CXYGEN 50.0 EV

oL ATTICE, PARAMETERS (ANGSTROMS)
A= 1.65 B= 0.54



T TTCGULTSTEN RISTORY
NG TETT
1.3 ...}

8OX POS
.00 2
100
400 L
100 5
100 .
100

3 1

A2
100
U 1 P
4 3 1 100 2
100 . .

100

w3000 5

100
-100 ..
100 4
100
100
o deme 301000 2
100
SNSRI 1 |
3 1 100 5
et em - 100
100
932 ...100 4
100

[} 3 2

14 3 2

L9003 L

T2 T2 99 T e

L1004

PBT
272.08
468.91
438.95
270.73
471.29
438.95
272.08
470.51
438.41
272.C8
468.91
438.95
270.73
471.29
438.95
272.08
470.51
438.41
272.08
468.91
438.95
270.73
471.29
438.95
272.08
470.51
438.41
272.08
468.91
438.95
270.73
471.29
438.95
272.08
470.51
441.14

.272.08

470.51

. 442.79

273.43
471.29
440.60
270.73
468.13

L 442,79

272.08
468.91
443,33
274.78
470.51
441.14
269.37
468.91
443,33
273.43
4T71.29
443,33
269.37
468.91

cPT
271.37
470.10
438.88
271.40
47C.12
438.93
271.37
47C.10
438.89
271.37
47C.10
438.88
271.40
47C.12
438.93
271.35
47C.09
438.86
271.37
47C.10
438.89
271.39
470.12
438.93
271.33
470.08
438.82
271.36
47C.10
438.89
271.39
470.11
438.93
272.22
47C.62
440.54
271.81
470.32
442.26
272.61
470.86
441.15
270.27
469.18
442.87
271.85
470.35
442.35
273.07
4T71.15
441.92
269.85
469.01
443,02
273.54
471.44
442.69
268.78
468.78

EBI
1000.00

999.63

999,16

584.23

983.86

983.39

969.26

968.90

968.42

$55.03

654.67

554.19

127.40

801.80

14.71

2.68

796.23

72.19

796.23

41.61

by

€Al 081 DAI DAT ETR 1PR RAD
. 999.63__0.55029_. 0.54T18.. 051232 ... 0,37 __1.3856_1.3863__
0.33629 0.34170 -0.85729
. e 076429, 0.76409. 0.05071
999.16 0.54718 0.55085 -0.49779 0.47 1.3533 1,3543
0.34170 . 0.33561 0.86713 - -
0.76409 0.76416 0.01677
. 984,23 ..0.55085 0.51506. 0.74327..__...14.93 0.9319 0.9452 _
0.33561 0.31478 0.43468
220475416 0479726 =0450853 ... . . o e
983.86 0.51506 0.51192 0.51104 0.37 1.3860 1.3867
] 0.31478 0.32027 -0.85812 . ...._ -
0.79726 0.79710 0.04965
983.39..0.51192.._ 0.51560 -0.49607. .. . 0.47 ._1.2530_1.3539__
0.32027 0.31411 0.86813
e0e79710 . 0479707 0401630 ... o o e
969.26 0.51560 0.47909 0.76405 14.13 0.9390 0.9518
0431411 0.29284 0.4469T7. _ .
0.79717 0.82748 -0.46523
968.9Q0 0.47909 0.47592 0.51121 ____.__. 0.37__.1.3862 _1.3870 .
0.29284 0.29836 —0.85814
. 0.82748. 0.82733 .0.04747._.._._. — .
968.42 0.47592 0.47961 -0.49300 0.47 1.3527 1.3536
0.29836 0.29213 0.86990. ..
0.82733 0.82743 0.01510
955,03 0,47961..0,44250. 0,78270.______ 13.39__0.9458 0.9582 _.
0.29213  0.27051 0.45793
_ 0.82743 0.85500 =0.42152______ .
954.67 0.44250 0.43930 0.51288 0.37 1.3865 1.3873
.. 0.2705L. 0.27605 .-0,85731. R
0.85500 0.85487 0.04452
954,19 __.0.43930 _0,44298 -0.48852 _______ 047 __ 123525 13534
0.27605 0.26975 0.87245
) 0.85487 0,85499 0,01344
801.80 0.44298 0.51543 -0.22550 152.40 0.4639 0.6294
e 0426975._.0.31804 =0416659
0.85499 0.79573 0.95989
74,11_=0.22550.-0,76716 . 0.42219._.____ 52.68__0,4626 _0.6230 _
~0.16659 ~0.56674 0.31189
e 0295989 0.30045_ 0.85116.
796.23 0.51543 0.48950 0.75988 5.56 1.0630 1.0699
- . .0.31804 0.30446 0.40264
0.79573 0.81712 -0.51035
. 72.19.-Q.76716 -0.88009 _0,40032.___._..2,52 . 1.1250_1.1462_.
~0.56674 -0.34896 -0.91403
s ...0.30045__0.,32197 =0.06558_
2.50 0.42219 0.41189 0.12578 0.19 1.6925 1.7602
. ._0.31189_..0.49122 -0,81864.
0.85116 0.76749 0.56036
..796423 .0.48950 _ 0.48884. 0.86207 .. ____ 0.00_ _1,9756 _1.9756_
0.30446 0.30471 -0.32139
. 0.81712 0.81743 -0.39184
5.59 -0.88009 -0.32236 -0.82289 66.61 0.1622 0.5831
-0434896 -0.63335 -0.17986 _ __ ...
0.32197 -0.70353 0.53897
€83.18_ 0.48884 0.55012 -0.16801 . ._113.05 0.5123 0.6647
0.30471 0.35800 -0.21809
o 0.81743 0.75446__0.96136 o .
41.03 -0.82289 -0.89535 0.42159 0.58 1.3898 1.4004
-0.17986 -0.19570 0.09215



101 444,98
21 1 2 101 ___11 213.43
100 471,29
100 444,98
22 3 2 101 1 273.43
101 - 472.81
101 442,79
23 3 2 101 8. . 274.78
101 473.59
191 - 844498
24 3 1 102 7 276.13
101 .. 472.81
101 465,52
25 1___2 102 B... .277.48
101 473,59
101 e 494,98
26 3 2 102 1 276413
101 472.81
102 447,17
21 1 1 103 7. .218.83
101 472.81
101 . . 445,52
28 3 1 102 2 277.48
e 101 473,59
102 447,71
L 1. 102.... 7 276.13
101 472.81
102. . . 449,90
30 1 2 103 4 280.18
101 473.59
101 444,98
3 ) S 2. 103 ... 1 278.83
101 472.81
______________________ 102 . 447,17
32 3 2 102 8 277.48
101. 473,59
102 449,36
L33 22402 1] 276.13
. 100 471.29
e 102 449,36
34 1 2 103 1 278.83
SNSRI 1 ¢} S 472.81
- 102 447,17
J: 1 T S ... 103.. 2 280.18
101 473,59
________________________ 102... 447,71
36 3 102 10 277.48
- - .. 101 475,19
102 449,90
37 1 103 2 280.18
1cl 473,59
102 447,71
38 1 1c3 7 278.83
101 472.81
102 449,90
3 3 2 103 11 278.83
101 475.97
122 449,36
4C 1 2 1¢3 4 280.18
101 475.19
102 447.17
41 1 2 103 8 280.18
101 473.59
.. 102 445,36
42 3 2 103 4 280.18
101 475.19

443.72

e R13.24.

471.05
| 444.40
273.78
471,60
443,02
275.24
472.50
465,02
275.52
472.66
445,39

277.19 .

473.07
445,15
276.17
473.10
446.51
278.14
473.15
446.25
276.85
473.65
447,42
276.00
4T1.96
449,12
278.73
473.26
446.75
278.26
473.51
448.09
277.56
474,43
448.55
276.01
472.01
449.04
278.63
473.24
446.66
279.26
473,52
448.76
278.01
474,95
449.24
279.42
4T4.14
446.79
279.44
473,52
448.92
278.37
475.32
445,71
279.86
474.76
446.80
279.64
473.54
449.05
279.38
476.27

. 88.05. ..

683.18

682.23

114,60

540.50

108.10

438.77

51.73

102.58

62,10

351.67

46.96

1€2.58

60.97

349.35

69.36

60.03

330.42

67.95

58.94

301.22

680.09

0.53897 0.40007 0.90209
.- 45,68 -0.16801 -0.59815..0,28414
-0.21809 -0.77648 0.36885
ceerimennn--0e96136  0.19824 0.88499
682.23 0.55012 0.55496 ~-0.27489
0.35800. 0.34291 0.94439
0.75446 0.75791 -0.18047
..680.09  _0.55496_. 0.56539 -0.39042
0.34291 0.32093 0.92016
. .. e 075791 . 0475983 -0.02972..
540.50 0.56539 0.47606 0.95065
0.32093 0.32072 0.23613
0.75983 0.81884 0.20129
.. 108410, 0.95065 .0.88199 0.29617.
0.23613 0.06877 0.53341
. .. 0.20129 0.46623 -0.79231 ..
438.77 0.47606 0.54106 -0.06037
0.32072 0.44007 -0.40019 .
0.81884 0.71665 0.91444
L0258, . 0.88199 0.75541 0.64680
0.06877 0.14504 ~0.32111
e e 0446623 0.63899 -0.69176
351.67 0.54106 0.45772 0.90019
0.44007 0.50603 -0.08885
0.71665 0.73105 0.42634
46.96 -0,06037 -0.08975 0.11030.. ..
~0.40019 -0.59488 0.73111
o eeee. 0291444 0.79879 0.67329 .
102.58 0.75541 0.75004 0.62836
e 0214504 0414383 0.14260
0.63899 0.64556 -0.76474
. .. 60.97. .0.50019._ 0,.82880. 0.4392%
-0.08885 0.00966 -0.54758
e 2 Q042634 0,55946 -0.71219 .
349,35 0.,45772 0.46172 -0.06985
e — 0050603 _0.53327 -0.71809..
0.73105 0.70883 0.69244%
. .13,5).-Q0,08975 -0,40561 . 0.15150
-0.59488 0.31268 -0.90367
. 0.79879 0.85890 0.40053
69.36 0.75004 0.65417 0.27957
0014383 ... 0474834 =0.62145
0.64556 0.1C975 0.73187
.. 60,03 _.0.82880..0.75296 0.65719.
0.00966 0.00379 0.04747
e Q255946 . Q565806 ~0.75223
330.42 0.46172 0.52228 -0.60637
e o -. 0e53327 0.52731 0.26836..
0.70883 0.67020 0.74853
 6T7+95._.0.65417 0.57741 0Q.57964
0.74834 0.81639 -0.41866
L 0.10975 0.01016 0.69910
58.94 0.75296 0.82103 -0.45063
0.00379 0,07490 -0.52362
0.65806 0.56596 0.72302
301.22 0.52228 0.47567 0.52499
0.52731 0.44996 0.75301
0.67020 0.75583 -0.39669
24.78 0.57741 0.09191 0.49110
0.81639 0.,18582 0.66261
0.01016 -0.97828 0.56548
4,97 0.82103 -0.96832 0.86396
0.07490 -0.07476 0.07572
0.56596 -0.23827
300.73 0.47567 0.46580 0.58262
0.44996 0.46429 -0.79298

45

0.49784

425,37 044942 06511,

0.94 1.2816 1.2832

........ R2L%_..101805 1.)840_

139.60 0.4111 0.6398

6290 0.9358__0.9659 .

7101.73 0.5800 0.7195

ceeee 2551140275 10548

87.10 0.4574 0.6958
4a71..1a1049 121847
" 0,00 2.3057 2.3058
............ lal3_.1.2690.1.2817..
T 2432 '1.1697 1.1770
...... 33.4%.. 0.4257. 0.7934.
33.22  0.5603 0.6957
e 0294 .1,3810 1.3918.
“T"18.93 0.8107 0.8820
. le&1 1,2992 1.3R26.
71409 1.3519 1.3643
29.19 0.7910 0.8653 .

T 43,17 0.3646 o.éé{z
53.97 0.0498 0.6193
0.49 1.3631 1.3652
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SB30l2lJ104l 2
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SNSRI X+ V-
104
AT 3110510
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105 s
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451.55

_281.53

472.81
449.90
278.83
475.97
452.09

. 278.83

477.48

. 451.55

280.18
478.26
452.09
280,18
478.26
453.74
281.53
477.48
454,28
282.88
478.26
453.74
281.53
477.48
455.93
282.88
478.26
456.47
282.88
479.87
455.93
284.23
480.65
456447
284.23
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OCCUPANCY OF LATTICE SITES AND INTERSTITIALS

AFTER COLLISION CASCADE
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