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INTRODUCTION . . 
. ., 

An important source of damage to a solid exposed to high energy neutrons 

(or ions) is the displac&t of atom from normal la t t ice  sites. ,Jn a fas t  ' 

reactor, energies of tens of keV may be' transferred to the primary knock-on 

atom (PKA) , producing i n  mdium and high a t d c  weight mat&ials a d i s p l a c m t  

cascade camprising a localized high density of point defects in the atomic 
. . 

lat t ice.  These defects w i l l  subsequently interact with one another t o  produce 

clusters and to reduce &ej.r density by mutual annihilation- a called 

short-term annealing in the present context. 
) 

The objective of this work was to study by ocnputer simulation the defect 

clustering characteristics of.  y-iron, a stand-in for' the stainless s teel  used 

.. ., .in. fact  .reactors, under various simulated e n v i r o m t a l  conditions. . An, a-iron . , . .... :. 

m e 1  has also been sirrollated. The technical results and implications of these 

studies have been' reported in previous papers. (lt2) ,mis paper presents a 
. . ! 

detailed description of the computer programs Ad  simulation techniques which 
' 

', m e  applied. . . ! . .  . .. .. . . . . 
. . 

porn DEFECTS RJD RADIATION TIAMAGE IN mALS 
. . . , .  

. . A- brief discussion of p i n t  defects' in atamid la t t icesis  presented in tfii's 

section in  order to intrduce certain terms that w i l l  be used in the subsequent 

discussion. Reference 3 is a y d  sou-- of additional information. 
. . 

Several m n  rretals crystallize in either the body-centered cubic k c )  

o r  face-centered cubic (fcc) structures. The f o m  can be characterized by 

a cubic ce l l  of size c w i t h  atoms a t  the corners and a t  the center of the.cube; . . .  

'. the la& .has atnms a t  the ~ 6 r n e r s  and a t  the' centers of the faces of. the cube. TI-& .-.- 
L .  

half-lattice unit (hlk) , equal t o  the quantity. c/2, is the unit of lei@ used .. .. 

throughout this work. ' , The symmetry of the la t t ice  results in groups of '  atcans 

having equivalent positions with respect t o , a  given atom. These neighbor shells 

are described in  Table 1 for the fcc latt ice.  
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Tab Ze 1. 

FCC Neighbors . . . . - Distance 
Neighbor Relative Coordinates (Half-Lattice Units) Number 

Jis . . 
. . .  

{ 9 . .  (330) 12} 36 ' . . . . .  *::, c. ..--.; . . . . . .  .) .... 'i . :.>*.,.. ;+. . . .  . . . : . . . . . .  . * . : '?. .... ,%'. (411j . . . . . . .  h... _ * ........,. . -..... ;,,'i.., fi8 ................... I. .,.-:. . . .  24 - .  ' .  
. . ;..: 2" '.. ',, . .'.-.:.!r:..- 
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There are two types of point defects which can occur i n  the la t t ice  as a . .  

result  of atmns being displaced froan their  normal positions. The absence of an 

atcan a t  a-normally occupied l a t t i c e ' s i t e  is called a vacancy. An atan which is 

located a t  an interstice rather than a t  a normal l a t t i c e , s i t e  is termed an inter- 

. .. stitial. Actually a displaced atom w i l l  cause an adjacent atom to mrve over and 

share its l a t t i c e  site, thus creating a pair of atahs near and.on opposite sides 

of the lattice site. Thk interstitial is then said to be. located a t  the la t t ice  

. . site about which the two atogns are spl i t .  The lirie j o h g  the two atcPns defines 
J 

the orientation of the split k t e r s t i t i a l .  

. Although there are stable in ters t i t ia l  positions, l e y  are of considerably 

higher energy than m d  si tes  and therefore r-in unoccupied in the absence . : . : .,.,.* -.-,-r;;. p:. ... . ., . . - i r , - L _ r  

of sufficient excitation; however, a mtal placed in a fas t  reactor is babarded 

'by energetic neutrons that  transfer much of their  energy i n  collisions w i t h  the 

atams. An atom receiving sufficient- energy is displaced frarn its norm1 site, 

leaving,behind a vacancy,.and may in turn displace other atcans. When the energy 

of a mving atom beoornes too low to cause further d i s p l a c m t s  , it w i l l  c a w  t o  

: rest as an interstitial' unless it f irds  a vacancy w i t h  which it can r e d i n e .  If 
. . 

i, 
: . the lattek event occurs, both the in ters t i t ia l  and vacancy cease to exist  and are 

I 
said to be annihi1at;ed. The total i ty  of in ters t i t ia l s  and vacancies resulting . 

, . 

from a single neutron-atom encounter is comnly  called a " d i s p l a c m t  cascade." 

' m e  formation of 'the cascade is very rapid,  requiring perhaps 10-l3 seconds. 

The process of formation is such that the spatial distribution of defects is  
: I 

; characteristically a vacancy-rich central region s m u n d e d  by an intersti t ial-  .: { 

rich peripheral region. The vacancy concktration is sufficiently high that , 

. . - r  .. .. numrous vacancy clusters are iomhed, but essentially a l l  in ters t i t ia l s  are 

ac' . . 
- .  

. . 

. . 
. . . . . . 

. . 



type in close proximity with one another so as  to be rather tightly bound together. 

In the fcc mdel, first-neighbor separation constitutes clustering. 

If  the irradiation temperature is near absolute zero, no thermally activated 

processes can occur, but certain configurations of jnterstitial-Vacancy pairs are 

expected 'k recombine spontaneously. For irradiation ter;cperatures above perhaps 

20°K, however, thermally activated processes will  take place subsequent to 

cascade formation. These .include, in  order of. .increasing activation energy (and 

hence increasing characteristic terprature)  : additional' reambination of inter- 

s t i t i a l - ~ a c a n = ~  pairs, migration o f  inte&tit ials,  and migration of k.&ies. 

J. R. Beeler, Jr. a d  D. G. .Besco developed a ccanputer code to simulate the . , 

' 

,. ,,.,.?. ;. :...i T... <,is: .:<:,. '?.?.< *,.,<. :.>, , .:, .': .,.,'.?.<. .-; ,. ,. . . . . . . .  . . . . . .  . . .  . . ., . . I. . . , , . . . .  . i.: . .... - ,.>.- 

'formation anh short tenn'annealing of an isolated displacement cascade. (4,5.) 

Witten i n  FOKWW, it applied to a bcc l a t t i ce  (Koninally alpha-iron) atabout  

nxm temperature-a temperature sufficiently l& that 'vacanci4s' were taken tD 

be h k i l e .  , Scglle preliminary results of this d e  were published i n  1966. (4 

9he code was .extended 'by Doran to include vacancy migration and hence .be appli- 

cable to higher sinarl&d tenperatures; results from the extended ANNEAL code . 

(run on a UNIVAC 1108) have been published(1) for both .l& and high tenperatwe 

sirdated mn~als in alpha-iron. . . . 

In early 1969 the Process Analysis and Simulation Section of Battelle- 

. Northwest undertook .a project to evaluate the camparative simulation capabilities 

o f  their  small hybrid. ccmputer and the available big machine, a UNIVAC 1108, on 

a cross-section o f  scientific problems. ) The code was one of the pro- 

.grams' selected for comparison. ANNFAt was being run in three separate rmdes , 
-'for in ters t i t ia l  mtion ( H e  1--low temperature; Mode 2--high texprature) 

. . 
' 

and one for ~ a c a n ~ '  notion (Mode 3) ; ini t ia l ly ,  only the i n t e r s t i t i d .  nodes were 
t 

-. . 
*. program& on the hybrid computer. The program was rewritten in arsmb1y 

. * 
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language directly from the &el, rather than adapting the FO- sotkce program 

to the hybrid cconputer or attenpting a direct  translation of the FORtQ?N code 

in* assembly language instructions. . t 
This was done in order to m x h i z e  the 

.. . efficiency 06. the hybrid program in terms of nm-ory requireknts and' run tie. 

In  order to validate the .hybrid program, .a deteministic run was made on 

.. . b t h  machines by replacing the randam number routines with fixed sequences of 

.. . nlanbers. This run also provided a 'dixect camparison of run time. The outputs 

of both programs . . were identical, but the hybrid program was faster than the 1108 . . , 

. , 

by a fagtor of 3.5. The average run time, of 'sevexal randm runs also yielded a 
. . 

hybrid speed advantage of 'appqximtely 3.5.- This advantage plus the much lower 

. . 
charge-out rate  of the hybrid c ~ m ~ u t e r  1 e d . b  the decision ~ transfer,the entire; , , . . : .  ,,.: :.. ., .-, .C,.:'. .;. .I . .,. 

program to the hybrid. '\ - .  . . \ 
. . 

The resulting program, called HAP= ( a b r i d  Anneal - Program - ECC la t t ice) ,  - - .. . , 

was wnpleted in &cl&iber 1969. The vacancy migration &e was added, and a new 

node (Mqde 4 )  permitted s ~ l t a n e o u s  vacancy ard i n t e r s t i t i a lmt ion .  This aode 

- has been enployed to study the effect of var+ations in  the parameters of the 

- physical model and to study the overlap of several cascades. A di.splay capability 

-. was added that permitted the production of stereo pair.representatians of cascades. (1) 

Ars e1ecb.mstat.i~ printcr plotting program was ;Il.atsr developed t o  generate 2*-. 
. . 

: - .  sional hard-capy plots of defect.disi;ribut.ions, 

The la tes t  systm of programs, the main annealing program of which is called 

HAPEW, was developed in  1970 f o r  fcc cascades and is the principal subject of 
. .  . 

- this report. The simulation of point defects and -11 clusters i n  g m - i r o n  
. . .  

by ~ohnson (6) provided the physical &el for,  the ccde. - 

- .--- The fcc code is mre rmplex than the earlier bcc +e in several respects: 

-, ' 1) There are m r e  m i l e  species. 2) The orientations of the in ters t i t ia l s  (the 

. .  - - stress fields are rat isotropic) are s ~ k i  and have an effect on in ters t i t ia l  
. . 



. . 
clustering, interstitial migration, and annihilation. 3) Periodic -boundary 

conditions were included so that cascade interactions could be mre effectively' 

. studied. - . . 

GENERAL DESQRIPTION OF THE FCC ANNIXUNG SIMULATION - .  
. . . . 

The Camputer System -- 

(8) 
- .  The fcc annealing simulation was prograrrPned on a small hybkid m u t e r  

consisting of a Digital hquiprmt Corporation PDP-7 cgmputer (8K memry) inter- 

faced to a Beclanan EASE 2133 analog cornput&.. Actually the only oontxibution 

from'the analog side is a signal conditianing circuit hich provides gain,and 

. 
' dc drift ' stabilization for a noise signal from a randm noise generator. This . 

... ..,. *?.":<<...4.. ' .c:.:r, <,. .. &,.. ... . corditiod noise signal is then converted, to digital fbrm ,ad used by the PDP-7 . .... :~ r a , * , . : - .  .,.: 

. \ . . 
. . 

programs to generate random n-s. \ 
. . 

A card reader and teletype provide inputs to the programs. Ttm Dectape 
1 

magnetic tape units provide storage 'md retrieval of programs .and data. Both 

nmic.and graphic output are generated by an electrostatic printer. A CIiT 

display program is capable of producing 3-dimnsional stereo pair representations 

of cascades. 
. . 

The primary reason for using the A l l  conputer is the high level of m- 

- mchinc interacIAon it provides-- a significant consideri!tion because the anneal-. 

ing runs are opeli-ended.' Parameters can be changed through teletype entry at 

the beginning of a fun, and several options can be exercised through console, 
. . . . 

.. 'switches to control a run in progress. In addition, the program runs faster 

than an equivalent FOKIWN program on the available big machine-.(a UNIVAC 1108) 

and the charge rate is much lower on the small machine. - .  

- .%-LC The annealing programs operate from the PDP-7 Relocatable Dectape Programning 

System, a software system designed especially for Battelle' s. hybrid ocarrputer. (9 
< .  ,. . - The Relocatable System provides for s-lified debugging and on-line program ' 



changes and permits efficient use of the 8 K  mmry through the relacatable 

loading feature. Core dcnrp? programs allcw the user to save all (CORIT2) or ' 

' 

. selected blocks (CORIT) of core mmory on kctape. 

The Simulation - 
. . 

Each point defect is in i t ia l ly  described by its la t t ice  position i n  terms 

of . x .. -, y ,,' and z coordinates (half-lattice units') relative to an arbitrary origin, 
. ' 

and its type (vacancy or in ters t i t ia l ) .  These data, m m l l y  the output of a 

UN& 1108 ,cascade simulation program, are punched on cards and caprise ,  the 
. . i' 

initial input to the annealing s h l a t i o n .  The pre-annealing program .then . . 
. . 

determines. or assigns additional infomation for each defect: its class (size . 

: .  ., ;&. ,~.~:s...;.,~::.a~~....,of . the cluster to which' the defect belongs) , its cluster number (identifying. - ' .. .. .. , - ..+.ST........ 

number of the cluster to which the defect belongs;.zero i f  unclustered), ad its 

orientation direction i f  an inters t i t ia l .  i t 
\ 

The nobility of a given defect is a function of its type and class. Each 

mbi le  defect executes a random walk on a three-dimensional la t t ice  so long as 

. . it is sufficiently isolated £ram other defects. In the presence of other defects, 

the walk is no longer aampletely random but is correlated with the positions of . 

nearby d&fects. Oorrelated configurations and the str&gths of the correlations 

. are necessuy pat-aneLa-s of the o h l a t i o n .  Other parmtPYs include the anni- 

hilation region (those &xifigurations that result i n  mutual annihilation of 

. , vacancy-inters titial pairs) and clustering cri teria.  . .. 

The annealing is carried out i n  a series of t i r e  steps. In choosing the 

length of a 'tim step, a conpromise is made between the possible elimination of 

* -  nearly simultaneous events through use of a long step, and the excesdve use of 

.dl ::-C : computer t i r - ~  that results from using a short' step. Each b b i l e  defect is given 

.- an opportunity to  jmp, with an assigned probability during each t i t ~  step. The 

- .  
-. consequences of any jlmps that occur- cl&tering, dissociation, o r  annihilation-- 



are askrtained as they occur. The sequence is continued un t i l  defect inter- 

. ., actions b e a m  rare. 

Rand48n n-s are used by the simulation i n  three major ways: 

1) Determination of .the order i n  which the mbi le  defects are selected 
. . 

. for a jump opportunity; 

2) ' Selection of the direction (junp vector) in which a given defect may 

3) ,Determination of whether or  not a npbile defect dth a given jmp 

- - .  . probability actually executes the junp. 
. . 

In addition, the randokn nunher routine is used i n  several ways by the pre- . . 

. . : anmaling program in preparing the input data for annealing. . : . . . . .. 

. . 
- .  

Overall ~rogram Flow . . 
' ': . . 

Figure 1 depicts the. overall flow of programs and data, including control 
. . 

'actions by the operator, .during a .typical. annealhg sequence. Program RANCOM 

is used to t e s t  and adjust the random noise. generator to inswe uniform distri- 

bution in the generation of randam nunhers. . Defect data representing . . the i n i t i a l  

.- . , radiation damage st& are read from cards by program W I N  and stored on 

mgnetictape. I f  keypunch errors are subsequently detected in the data l ist ing,  

or if it is decided to add and/or delete certain defects frcan the data f i l e ,  

., . these operations .cpn ,be acoomplished by using the "edit" d e  of CARDSN. 

, If  the input deck contains m r e  than the l i m i t  of 4'32dkfects of e i ther  type, 

program IAP (Input - Annihilation - - P-&) can be used t o  reduce the f i r s t  864 

defects (432 of each ty&) to  a smaller number via 1st and 2nd neighbor annihila- 

tions. Then mre .  defects can be added w i t h  CAR~IN.  This procedure can be re- 

'+ ,=. peated unt i l  all the cards have been read, or u n t i l  no m r e  annihilations occur. 

Program INFACE' prepares the input data f o r  annealing by checking for i l legal  



Figure 1. OveraZZ Operation of FCC System During the.Processing and 
Annealing.. of .a Typical. Disp Zacement . Cascade. 

-1: Test the noise generator. 
Operator: Adjust the noise gain, i f  

randm nLnnber generation. 

CARDIN:. Read defect cards, 
list e l m t  .table, and ' 
create a kctape data f i le .  

. . . . . . . ... .. 

IAP: perfoh  i n i t i a l  
annihilations usins a ---- - a * -  - 

.l .defects were read/ 1 1st and 2nd neighb;;r I 
1 recombination region. I 

I 

* .  , . J 
.. . 

Operator: Verify input 
elemmt table listing. .. . 

. .  . . . . . 
. . 

No CARDIN: Edit the input f i l e  
- 
i 

v 
. 

) Yes. 
w 

INFACE: Prepare input data for annealing; 
p f o m  error detection and correction 
functions; define initial clustering. 

,,by making changes, deletions, 
or additiOns as necessary. 



F i g u r e  I (cont. ) 

..... .. ' "1. . . ' ...... >-2' ":c.. - : : .'.." A>'..: .... ,, >.,. 1 ..--.,. 

SOW: Obtain e l m t  table l i s t ings  
. ' 

$ 
. . 

.. . . 
GPm: Make plots of the input, L W e  2 

loutput; and M a l e  3 o;tpuk defect distribu- 1 
t ions on the Gould electrostat ic .printer. 

I 

HAPFCC: Perfom a m e  2 ' ( i n t e r s t i t i a l  , wation only) aMealing . . 

Save the resulting defect data on Dectape. 

. . 
. .: . . .. . . . . .,. . . . . . , ,-. .. y.. * ?. ... ;;:. ;. . . ;.+:.; ..,. .: ..;,. :.* : C.?. .. ,. .., 

. ' '  
. . 

HAPFCC: Perfonn a blcde 3 (vacancy 'inigra- 
t ion only) h e a l i n g  sinulation on the 
output of the Wde 2 run. ' Save the  re- 
'sulting defect data on Dectape. 

. , 

. . 
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conditions and perfodng' 'certain data init ialization operations. Functions 

performd by INFACE include the following: 

1) Qeck for defects a t  'non-fcc s i tes  (sum of coordinates must be even). 
. . 

A non-fcc defect is mved to one of the six adjacent fcc s i tes ,  chosen 

randomly.. . . 

2) Check for or  mre defects occupying the sm fcc site. If  this 

occurs with l ike defects, .one of the defects is allowed to remain, 

while . . the others are successively mved to 1st neighbor s i tes ,  chosen 
. . 

. randcmly, unt i l  a free s i t e  is found for each defect. If a pair of : - 

unlike defects occupy the sm site, the pair is  annihilated. 

3) . Check for defects lying outside the p r i o d i c  boundaries. Such defects 
,.'.., ...-,. ,: ;!..j.:i ,:-:<. -.* ,:: .-. : . . . . . .  . .  . . * . .  ................ ..... . . . . .  ......... ... . . . .  . . . . . . - .  . _ . . . . - . : . .  . . . .  . ,  . I .  

..< .; 

are systematically shifted into the periodic v o l m .  

4)  Define the i n i t i a l  clustering., \ ? - 
. ', . . 

5) Assign o r i h t i o n s  to in te r s t i t i a l s .  single in ters t i t ia l s  are randomly 

assigned, but the orientations.of mmbers of in ters t i t ia l  clusters are 
\ .. 

'dependent upon the size and configuration of the 'cluster. 

. : 6). Put clusters of certain sizes and types into their  ' "mst  stable" con- 

. . figurations. 
-. . 

: 

The sirrrulation is 'limited t o  no m r e  than 63 clusters of either type, and t o .  . 
. . 

cluster sizes of 630r  less. If  either of.these limits is exceeded.by INF'ACE, 

an error kssage is printed. Program IAP must then be used in an attempt to 

reduce the defects such ' that  the exceeded clustering l i m i t  can be satisfied. 
. . 

. Program HAPFCC (ylbrid - Annealing - - Program- FCC - l a t t i c e )  performs the actual 

step-by-step annealing of the prepared displacement cascade. Before program 

2 - r execution begins, the user must enter from the teletype the appropriate.set of 

L .'. :.pArameter values for the run to be made. These parmneters are l is ted in I. 

-.: . ,. -. 
2 - 



When . . control is given to  HAPFCC, a p a r m t e r  information l is t ing of the type shown 

in Figure 2 is printed. The data f i l e  is then read into nmnry, an i n i t i a l  e l m t  

table lisbing and clustering smmry are .printed, and the annealing begins. 

An element table l is t ing provides complete information concerning the state 

of the cascade a t  the tirre the l is t ing is made. Each defect's position, class, 

cluster nurber, and orientation direction (if  an in ters t i t ia l )  are given. A 
. . 

s q l e  listing. is shown &I Figure 3.  ' A clustering sumq , such as the one in  

Figure 4 ,  provides a m r e  concise indication .of the state  of the cascade. Cluster- 
) 

- ing timmaries are provided a t  pre-specified tim step intervals as the.- pro- 

. . gresses . '  lai it table l ist ings are printed only a t  'the beginning, a t .  interval. 
. . 

. ;  .l.., ;. .;: . . .. :.,,,. . ~breakpoints!', and a t  the end of a simulation rqn unless requestedby a console .. ... ::: .,.. 

\ 

. switch. ' \, ' . 

A run is terminated when either a pre-specified ncrmber of t i r e  steps have 

been completed or  when a -console switch is thrawn. The annealed data are then 
. . 

. . . . 

saved on Dectape for plotting and possible further annealing., 
. . 

As shown i n  Figure 1, the annealing process is m d l y  carried out in two 

stages, a W e  2 run (&terst i t ia l  migration) followed by a Mode 3 run (vacancy 

. . .migration). 'Due to the fact  that  in ters t i t ia l s  are many times m r e  rimbile than . 

vacancies, thic ' mthcd was chosen to innerve aorrputer t h .  A m e  4 simulation, . 

- . . (simultaneous ' interstitfhl. ax1 vacancy migration) is also available. 
. . 

' 

With the prograin GPLMT, 'kc-dimensional projections , such as the series ,of 

. . . 'three plots shown i n  Figures 5-7, can be made for h t h  the input cascade and the 

. - annealed cascade. Program S K T  faci l i ta tes  the specification of coordinate ranges 

for the plots by d i n g  three elerrrent table l ist ings of the defec ts in  a data 

- .-:. - f i l e :  f i r s t  in order of ascending values of x, then y,,then z. 
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HODE 2 --- IRTERSTITIAL MIGRATION ONLY . ~. J I 

. R N N I H I L Y T I C N S :  
C 1 1 8 )  TYPE : EXCEPT NHEN DELTA B ( I N T ' S T .  O ~ I E I ~ T .  D I R E ~ T I ~ N )  = + OH - P 
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...... ........ ".? .... -.s.-; ,;;. .... ...- -' ';. ; .... . . . - ( 3 2 1  j TYPE . EXCEPT WHEI.4 DELTA B C'INT'ST. ORIENT :. D I R E C T I 3 t i j .  = + . OR - .  2 , 
< 3 3 @ >  TYPE EXCEPT WHEH DELTA E .  i I t . 4T2ST.  ORIEF4T. ? I f ? E C T I U N >  = + OF: - 6 

JUMP PROGABI L TTI 'ES : 

.. I N T E H S T I T I A L S ,  * 

\ 
F R O B 1 1  = B. 5 6 6  C 11, ,UI.4COF.RELRTEDZ \ 
ALPHA = 1 .  8 8 8  (11,. JUHP FROM > ISR = 5 T H  TO < .OR = 4TH tdABOR 
P R ~ I E I  2 = 8 .  8 6 3  r; 12, UNCORKELATE[>> \ 

. P R O B I 3  = a .  6 8 6  ( I 3  t1ICiF;ATION JLIMP) . .i 
AN 11 THRT I S  4TH, 3RD, C!R 2ND FlABOR TO AI.IOTHER 11. WI'LL MOVE 
I F  POSSIBLE.,  WITH !-IFCITY PF:OBAEILITY.  I F  I 2  FOR:.lATION I S  I M P  
TO INCREASE SEPHRHTION M I T H  U N I T Y  PROBHBILITY,  

11 THAT 1 ? - 5 T H ,  3g[r, IJR 2t4D t4AEOR TO TWO Ox MORE I N T E R S T I  
TO [>ECHEASE 11-1 1 R L  SEPARATIOI.4 LdITH CII.!ITCi' P R O S A B I L I T Y .  
THE ATEX I N T E R S T I T I H L  OF A! I 3 < 1 1 2 > - - 2  PARRLLEL WILL MAKE A 
JUPIP i d I T H  PROE:AEIL ITY = PRuBI .1 .  . 

i FER 1 ODIC  BOUF4DfiK I ES : 
! .  

T I H  

" P L  

At4OTHER I NT' 5 

FORH AH 12,  
I B i E ,  I1 MOVES 

L S  W I L L  MOVE 

AWE ROT A T  I ON " 

_ -- -. _ -- .- - ... .  ....- .. .. .. ..... .. . ' .  .;; - - .- - .--.- --- - . . . .  . . . . . .  
. . . . .  

. -' 

. . .  

. . . . 

Figure 2. Tipica Z HAPFCC Parameter In forma t ion  t is t i ng .  
. . 
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8 .  

INPUT DATH 

I NT' ST. FOSITIOI.4 CLLISTER 
NUMEER X 7 . 2 CLASS NUMBER 

VACAt.ll=Y P O S I T I O N  . CLUSTER 
NUMBER .X 5' Z CLASS NUMEEH 

3 8'' 228 
208 57 84 225 

'183 Z I Q  
' 107 215 
113 213 
114 2 i 9  1 2 2 285 
1 3 1  210 
132 224 
137 209 
140 210 
152 289 
153 210 
156 230 27.0 157 C)q  

'160 . LC@ 

l b 6  211 
17  7 224 
1 8 1  ' 213 
182 .-, CI '0 C C C  

185 . 222 
192 '5 1 2 
193 213 
134 

,287 g g  
C L  ( 

221 285: 
z38 204 
r 4 8  214 
253 ' 209 
257 . 223 
269 . 283 
284 223 

:.. 285'. . . . .  223 
295 . 207 
380. 223 
502 223 
531  ; 224 
336 , 212 
7 7. 9- \ 210 
350 .  ! 210 
353 : 283 

' 362 . . 211  
381 ; 231  

. 26 
. . .  .:: ' I , . ' .  . . . .  :.. ... 

Figwle 3. T y p i c a l   HA^ ~ ~ e r n e n t  Table L i s t i n g .  

' VACANCY FOPULATION:  . 44 

CLRSS NUMBER 
1 2 5 
2 5 
3 3 
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APPENDIX A 

CARDIN Parameters and Switch Functions 

Symbolic 
Address - 

Typical 
Contents* Description 

. . 
IbELNO ' 3 Total no. of interstitials to be deleted 

frcan input file (applies only if AC switch 
. . fl is up) 

Identificatim nders of interstitials 
to be deleted. (Only the first 

. interstitials in the table will be 
deleted; applies only if AC switch jl 
is up.) 

Total no. of vacancies to be deleted . fram 
input file . (applies only.' if X' switch fl 
is up.) . . 

. vow 
.. ~- 

. ' Identification numbers of vacancies to be 
?.:.>:. <- :.,.,.' ., .;.. . :..-,+ .. , . VOrprUl ' . , . . ..- '. .:. ..... . . .. . 

(Only the first V D m O  vacancies 
VOIPIY2 in the table will be deleted; applies only . 

. . ' ,  if AC.Switch J3' is up.) . . 

PIiOBZa1 2071 Problem .(spike) identification number 
. .  (applies orily if AC Switch ~3 is down). 

D m  + 

DIRY 
DIM 

;;;: 1 PXA direction cosines x104 (applies only 
if AC Switch fl is down). 

5185 

2081 : Replace no. with this no. (applies 
only if AC switches fl and 2 are up.) 

7071 . ' Replace direction cosines with these values 
4242 1 (applies only if AC switches JJ and 3 are 
5656 UP) 

YZBIAS. .lO0O8 Bias value added to each coordinate to 

. . 
insure a 12-bit positive nmher. 

. . 

ILIMIT 4 00 Maximum number of int&stitials desired 
.(must not exceed program. limit' of 432) . 

VLIMl?f . 400 ~~~ .number of vaCancies desired (mst . ' ' 

. not exceed program limit of. 432) . 
. . 

l?Uim 152 . ' Dectape starting block number of input data 
file (applies only if AC switch fl is up). 

rn 162 ' Dectape starting block n h e r  of output 
.. data file. 

. . . . 

*Nmbers are decimal rad ix  unless otherwise noted* 
, 



A c d a l m r  Switch Functions - 

Switch No. Waning i f  up . 
% .  : . Read data f i l e  fram BLXIN 

and'edit it. Examine AC 
switches l., 2,. and 3 .  (New data 
f i l e  is created from cards i f  
switch p is down.) 

. . 

1 Read defects from cards and 
add to input data f i l e  (amlies 
only i f  switch j3 is up). . . 

. . . . 2 ' .' ,. Change problem number to 1lELGRO . . 
. (applies only i f  switch P is .up). - . .  . 

- .  

' 3 Change direction cosines to PIEhDX, . . 
NEWDY, NELDZ (applies only i f  , . . 

. . . . . , . . . , .  . I < C . .  . , . _ . . . , . . , , . t % i s  u p  . . . . . . . . . .. .... ::., . ..,.......,. ..:,l.:...r,;J.:si. ,.". ...,, :..-, . ,.::-.. . . .  .... , . l-r_l.:l.. ..: ..,.. (. ..i..:.?d-li.-. 



INFACE Run Parameters arad Switch Functions 

symbalic 
. Address 

xmw 
XI-UGH 
m w  
YHIGH 
zmw 
ZHIGH 

Typical 
Contents* Description 

. . 

~ower 'and upper limits 
in x, y , and z for 
pericdic born-dary 
conditions. # 

EILKIN loo? . ' 

' ' Wation (Dectape block) of 
+put data file. 

. . .  
- .  d' 112~ . Wation (Dectape block): of 

output data file. . . 

Switch No. Meaning if. up 

List the data file at block 
m J ,  hut do. not operate 
on it. 

i 

b 
. . \ . . . . . . .  

*Nwnbers are.decimaZ radix unZesc o t h m i s e  noted. 

#The boundary conditions must conform to the 'following: . 

. . . 
: . . bHIGEI -, b L 0 W  must be an even integer 7 0 

bHIGH + YZBIAS < ,4095 - (77'1'lg) 
- -A ., 

. . 
. . 

. bIOW + YZBIAS > 1 

where b = general coordinate representation (X,Y, or 2). 



W F C C  Run Paramters and Switch Functions 

Symbolic . Typical 
Addrgss Contents* . . . Description 

MmI'kI 6 
DAY 1 , 'went date " . . 

YEAR. 71 . . 
. . 

. gLTNNO, 2 .Run number .. 

SllWDE . 2 .  Simulation m e :  
2. = In ters t i t ia l  migration only 

I _  . . . 3  =1 Vacancy migratim only . . 
. . 

2'. . 4 = Bth inters t i t ia l  and vacancy 
migration 

, . 
- .  

. F'l"DDE . I .  Annihilation rmde : 
. . 0 = D i s t a n c e  criterion ( D m )  

. . 1 = Specific S i t e s  04ASXXX) . . , . .  . . . . .  . ,  . . . . :  . . . . .  . , . . . , . . , , , . ' , . , ' . , , . . ,  . . . .. .. . . . .. . - .  . . . . . . . . .  . . ,. . . . -. . .  .. , - . - . .... ;.;..,:?.. ., ,..?,....' <I> -.,... . .-;p.:<-;...~....:-: . .. . 

CIA 1 

LAC m?.3 
L A C m  
JMPKILL 

CLA 
J M P m  
I A c m  
m NOKILL 

CLA 
m NOm 
JMP NOKUJ; 

If FWDE=l, s e t  tWXXX. 
to indicate annihilation txradition 
for (XXX) s i t e  : . . 

CLA: Annihilate only i f  Ab # 0 

IAC ONE (TID, THREE FOUR, or FIVE): 
Annihilate only i f  [&.I # 1 (2,3,4,or 5 ) .  

. . 

JMP KILL: Annihilate 

JMP NOKUL: DQ not annikiiate 
. . . s 

I (hb ' = Separation in direction of 
in ters t i t ia l  orientation.) 

\ 
8 .  

.aMAxF 12 Maxixmh squared distance for , 

. reccgnbination when FZvlODE = 0 

: .  DZM TlME . . . ' TlXSEZ' , ' ~ ~ i  TIME: Reset TIME to  zero a t  
beginning of run 

.. , . 
: I '  . . . . : ! . . , NOP: Continue counting from input 

f i l e  TIME value . . ';: I 

I *Numbers are decimal radix  unless o t h e m i s e  noted. 



c-2 . . 

-. Symbolic Typical. . . .  

Address Contentents Description 
I 

PRINTS 
PRINTS+l 
PRINTS+2 

Breakpoints (TIME values) 
for printout interval 
chariges and program 
pauses 

. . 

Print intervals preceding the 
corresponding breakpoints above 

TLIMIT 20000 . . Maximum number of tim : r . .  '..\,., ;. ,I.... t I  .,. ..<. . . . : .  . . ... . .  . . .  ... .. . . . . .  ...,... .,.& >. .,?.. ..= ..,.... a.. -:,<:!:., ... .:r ..:- t.. . .-.:. :;: = .&-.I ,:: .... .,-.,. ..; . ;- .. ,.; ,. ..... : . . . . :  
steps . (automtic run 
temination when TIME = . . . . . . , . 

-TI , . . 
\ 

. . L I W  HLT '. . . 
. . 

T :  'pause at each breakpoint. 
NOP: Ibnot _pause at breakpoints. 

*. 
. . j  

PROBIL " 500 \ , .  . :  . . . . .  
1000 . . ALPHA t .  . . 

' . PIOBI2 63 
. . PROBI3 6 

3 .IP3A 500 Jtmp probabilities x LO 
IP3B 11 . , 

' PROBVjl 0 
. . PrnBV1 . 2  . . . . . . . . 

W1A 1000 ' . 

W1B . 8 6 
W1C 7 
WID 4 * 

. . 

PRC)BV3 , 165 . . 

PROl3v4 24 

. . .  V2JMPS 10 . Ncanber of V2 j~prrps per 
. . 
. . 

. ' .  tim step (Version 2 only) . . 

Dectape starting block nurrber 
of input data file (Unit 2) 

Dectape starting bid nunher 
of output data file (Unit 2) 



I 
Accumulator Switch Functions 

Switch No. Meaning i f  up 

.Print  fu l l  element table listing. 
i f  up at,  p r in t  tine. 

Print  input data l i s t ing  a t  
beginning of run. 

A t  en3 of current tim. step, 
pr int  the tirrre step number on 
the teletype and halt .  Examine 
AC switch 8 when program is con- 
thud. 

Terminate' t h i s  m : mad . . 

C O m ,  pr int  annihilation report, 
and write output data f i l e  
beginning a t  B m  of U n i t  2. 
(Switch 8 is examined following 

.the printout a t  each breakpoint, i . . . ,  . ....,. .,.. . 
and a f t e r  each "switch 2" interrupt. ) 




