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Computer Codes for Simulating Atomic-Displacement

Cascades in Solids Subject to Irradiation
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Masayuki NAKAGAWA, Tokahiko NISHIDA and Yasuoki NAKAHARA

Division of Reactor Engineering

Tokai Research Establishment, JAERI

(Received February 22, 1979}

In order to study atomic displocement coscades originating from primary knock-
on atoms in solids subject to incident radiotion, the simulation code CASCADE/CLUSTER
is adopted for use on FACOM/230-75 computer system. In addition, the code is modified
so os to plot the defect patterns in crystalline solids. As other simulation code of the
coscade process, MARLOWE is also available for use on the FACOM system, To deal
with the thermal annealing of point defects produced in the coscade process, the code
DAIQUIRI developed originally for body-centered cubic crystals is modified to be appli-
cable also for face-centered cubic lattices.

By combining CASCADE/CLUSTER and DAIQUIRI, we then prepared a computer
code system CASCSRB to deal with heavy irradiction or saturation damage state of solids
at normal temperature, Furthermore, a code system for the simulation of heavy irradictions

CASCMARL is available, in which MARLOWE code is substituted for CASCADE in the
CASCSRB system.

Keywords :  Afomic-Displacement Cascade, Simulation Code, Crystalline Solid,
Point Defect, Thermal Annecling, Heavy Irradiation, Saturation Damage

State, Computer Code System
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b o b ENEAAF—E TRETHLENRSD, LL, Ta4rF-0ME{RDL, REDHO
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HEOEEERNTRERBOTNM 2~ FRLNE, HETHEDLIRTE, T ERRE
EOETORBTFEY. To2FTHL, HEONIWEFE, ThibBEBAREFHEBEELL
R NAEGLOICED, 1Ry — FHOTHEFABHCERINLZ LICR D, TREVE
FIRL > THEL N ABFREFLBARFHEBRTLHIESTELOT, 7 2o — FFHICS
LARBEHEEOERINLLERE S, #RT— FBEROMTRKEAHERT 50 % radiation
annealing LA TWABD, # Ay — FABABRTLARATBORABEB 7 — &, &
RELEETEATND, HLEHLAR T — FECESATHREECREINTE REEY
w75 ADER SO TS D Besco & Baumgardt ®CASCADE/CLUSTER ™2 — F¢,
Robinson DMARLOWE= — M7, ANF— 2 CHEINAERRKSH 7 vy 1%
HAzmTdbe L, BRESILTETORBERRKRILTNDS,

4 F%)=ET, CASCADE/CLUSTERZ — FILDONWT, HEOMNL = — VOERE TR
~, WWTH 3ETMARLOWE 7 — FITDOWT, TOBEL EHERERAT L, HAET,
b A RS — FECLAHBEI— PTHRO 2R — FBRBRICHK  short-term annealing
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2. CASCADE/CLUSTERI— K

CASCADE/CLUSTERZ — FOCASBCADEY = 7 3 aid, ¥ 2 RIEFHET LR
EpCERINE TOH—BILIN, T FvurtsiteMETRD LOKKAINEK
LY HREE (foe ) RURLITHE (beo ) EBVR AL L Y H > TnBED oBRET,
B TEe FrRHREAINT WD, TOHCASCADE T L 5 XM %EMET 5 CLUSTER
i rsabERAN, feokbeokkAEH/D CASCADE/CLUSTER HEbi 72,

Z®a— FIZ FORTRAN-I & FAP THA L, chain jobBREA>TWADT, H4
% FACOMARERLAZ, 2FOHBEORNEFig. 1WCRLAZLDIT, CASCADE
TR AORLBEMAINLEL, T TFig. 2CARLAL OISR #R-— VERERY
®O, MAIN2THFORERECHARREEZ 74 +ICHEE, RWTNORMEX A —7F > %8
LCCLUSTER 7 75 4 THAMAIN3KABLLOL A->Tnh, A%, Fig. 1CH
PHTHNAMAINA4D, FREOSATURATIONY B 75 4T, FTICHRFRIEO S L

PHOBAR, TTZET7 A1 5MELTHOMAINIRABLL DL A -THA,
2.1 MAIN{(CASCADE)&MAIN2(EDIT)

MAINI1OHLE, Fig, 20FTHCHEHLNTHEREBROBDIBEATH L, ZOBK
BOLERE (box ) #ELTNA, TALLEFHMEFOMBER I LLALATARAD
T, EEARELLT, BEETF - CMBICHRAMBRS S E 15,0 & ORKREFMET
FRIBEFHEBATHETFEERTLOT, BERN L TAXAXLONFTRFE L D,
BT ERa D 2EORIO—TE DL DboxNIC, 6 4OHERDY, TOF feo THE
32, bee T 1 6 DREVNERETFTONEBET, iR FRIRFOURELME TS S, & box
DO FAF (111)ELT, F2®(x,y,2) BEOEREL, TOboxOAETE
MIJK)T, boxHOBFHRAOMEBDE (1 jk)TRFLTND,

BEBEROBMOBAOMNE, Fig. 3UARLALSRHUTOL IR Z->TnA,

1) zar¥—E, T, B (x,,y;.2, )0LFHEA (e, 8,7 )ODFARRATHLE
BEM, OPKANTF, P,, H"RLEBEREZECTRTP, TRET 5.

2) 2EFHEAF vy RETE, BEAOBRETIHET L,

3) MEAATRD, BERO 2R FTOBBHUA, RUP, HP, KELAI AL = 2RO
5,

i) BEOKELE L AR BEESL, TOBRIOELEZANT, KIGEHTLEREFERD,
1) UT%BOET, TLTPRKARFELEHINARSOIFNTO A —HE,
MTR#h b3 TEHELHT L,

MFIC, ThbOFBECORDIEWEEC SFL (E~N5E,

1) 23P, BRICHETLHFP, #BFTHEEL, P, B (IIK)boxROME (x,,y,;
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1l
=

Read KC

Write KKC

Perform an initialization

<0
e >

=0 >0

Call MAIN4 (SATURATION) (see Fig. 17)

Call MAIN1 (CASCADE) (see Fig. 2)

Fig. 1

KKC = KKC + 1

Flow chart of CASCADE/CLUSTER code
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40 N _ _
@ Call START for program initialization

#0
Call DING to read input by calling RRDING

Call EREX for non-normal quit _____,.

?_)—a Call NOR.ME:,X"‘ t¢ call MAIN3 |—={ RETURN )

(CLUSTER) if KLUSTR #3

Call MAIN3 (see Fig. 12)

Read (10) atomic. potential data

input errors

to _
=0 ' .
— | KFIRST = 1 [—= Call ICHEX to check
#0 " |

Call RESET for reinitializationm A

Call WRITEL to print out input

Determine the target atom for the next cellision,
compute collision results, update the occupancy

table and pick up the next perticle (see Fig. 3)

KFINI = 2 KFINI

Fig. 2

Call MAIN2 (EDIT) (see Fig. 9)

Flow chart of MAIN1 (CASCADE) program of CASCADE/CLUSTER
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l

Call TARGT1 to determine the next target atom (see Fig, 4)

Call SCATTR to calculate the hard sphere radius, scattering

angle and energy transfer (see Fig. 5)

Call BKKEEP to determine the collision type, record the

resulting defect and compute the range of primary (see Fig. 7)

NCOLL = NCOLL + 1

Call WRITEZ to print information
about each individual ceollision

Call DEFECT to update the occupancy record

Call PTAB to enter information about free particles into table

and pick up parameters of the next particle (see Fig. 8)

l

Fig. 3 Flow chart for determining the target atom and

collision results, and for updating the occupancy

table
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{ ENTER )

Calculate the crossing point (XB, Vg zB)

of moving particle at (xl, ME zl)

Determine min. (|x1-xB|,|y1-yB|,|zl-zB|) by calling BIG3,
the central lattice point on the nearest plane and the box

to search the target atom

Call TARGT2 for selecting the target site (see Fig. 9)

Call SITEl to obtain index registers for access

to the site by calling SETIX

Call SETIST to set IST.= 0 or 1 if the

target is lattice site or interstice

( RETURN }

Fig. 4 Flow chart of TARGTL program for determining

the next target atom
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2 YCnbHETHE, FF O boxFORFAEAETERT A+ T5H, 77X+ OEFH, Fig.
AFRLAEL YR, OREVEEDL =y, yz,xzEOF, ROCH#HDLEHLIRIC, B%
b G BICR SENVETAETLETS S X SOEFBD 90 ORFALINTH .
Fg.9mmbk£5K,WbK,P1#@ —EFHTRYVELEETLY S 710 TRIT
Lk, FOKFAN, B 2EHC feeTH, TORFDgrazing %22 (impact para-—
meter p>1A) OB ( 3UEOLEEIEH <) JOBERTF EALEFRSMIRT
P L%, O TRANE, TOREBOEHREEHN, 2ARLENORHEET.
B3 s nd, TNOLE (x,.y,.5, ) L P, ERERO, P, ORGTHFA~OHED,
FRATEHEST L,

DmZ(xi—xl)cosa+(yi-—y1)cosﬁ-i-(zi—zl)cosr (1)
D_ #C0 boxTTRATHNE, pEHET 2, 1
p=[(xi'xl)z-i-(yi—yl)z-i'(zi—zl)z—Di]/2 (@)

pHANE . LV KREFNEHNOBNERT, COLOKLT, ETRIOD, ¥
HEORFP, VEMETL LTREINS, dLboxPOTNTOREFHHRLOERINL
Berd, KO boxkHET, ThabDLL P, ORFTFATHDICyz, xz, xyB T WHTNT
RO x, v, sBEE s, yp2p& bl ¥, Ix,—xgl 0y, 7yl 1z, 72y | Do~
I boxt HIERFA P ET D, :
2) TnTHERESEBORED, 2 OOEF, separation distance DR TEHRET A
ERELTARINDS, CRAERF A V(OYE T2 ETFHREET L L EERIC
W ¢ UTTERDANAPEEFROERRAAYE EEBRTH D))

dr_ [Ca My ) CBy —Vi0- 47/ (2Mpr*) ) @)

ccrrm¢¢ﬁwﬁ,euﬁﬂﬁipf—‘i,E RELRTOLER =4 1 ¥ —

EM,AL,M.mmﬁEEMhi/MA+M)féé @)X Tdr/dt=0 &E&<E&,
V(R)= EO—E S (2M, R®)=(M,/M YE, (1-p /R?) 4)

fiofau@ screening O¥E% $ DBohr potential (Bohr &= a,=0529172

, RBRASZA—F=1)

ni

Ys

V(=% ,Z,exp(—r a,,)/ /1, a,=1a, /(Z/ /) i (5)
K LT

M, +M, Z.,%, R 2

=i -=)/ (15 ®)

R M2 El exp( 312) ( Rz)
FEOLN, tREp>1A TR, AL FOLS KL 5,

M, +M,
Rep(1+e), e=2,2,(—5— M, )exp(———)/(sz ) @)

C@Wﬁﬁ¥%ﬂ@%ﬁﬁ,FQ.S@SONMB¢,T&bBFm.5@%@®RAD—
LUS r—F v Thahb, ¥+ LTHEAOEE (x_,y, 2, ) BFEFP, OFLERE
(xﬂh,h),Pz@%(xrh,%)&?6&,HTf526ﬂ%(F@.6%2%%

—_ 0 —



JAERI-M 8178

No

(zof a5 of Eq.(5) >0 ?:)““'"‘_' Obtain energy. transfer fraction

Yes Bohr potential

le and scattering angle cos &

by interpolations

Call RADIUS to calculate the

hard sphere radius of collision

by Eq.(6) or (7)

Calculate T by Eq. (12)

Calculate T by solving Eq.(9)

Calculate (Xc’ yc,zc) by Eq.(8) and (az, b2’ c2) by Eg.(10)

!

3 L
Calculate (an,bn,cn) and solve Eq.(14) to obtain (al,b

T

T
171’

Calculate le

by Eq.(19)

{ RETURN )

Fig. 5 Flow chart of SCATTR program for calculating the

hard sphere radlus, scattering angle and energy

transfer by collision

(a7,55e])

D
m
T )
Pl (e ————— . e e o e e e = = ——— — -%-(alablscl)
(x_,y_ ,2.)
c "c C ®
(Xl’yl’zl)
P
R
P, (%y375525)
(azsbzscz)

" Fig. 6 Atomic collision in laboratory system



JAERI-M 8178

x,=x,+ta; T, y.=y,; e, T, z,=z,te, T (8)
LT T, a, b0, [P, OHAMKE, cosa, cosf, cos 7 TH Y, THRREIGERF-E
R, RUEMREICET L x 3, x,FOREKA2LRD bhb5 A—=2T, MTO®R
DY HLATNECBELELTELDNS,

T2+ 2BT+C=0, ' (9)

B=Ca, (x,—x, )+, (y,—y,)+e, (z,—2z,))

O:E(xl—x2)2+(y,—-y2)2+(zl—z2)2—R2]
AREUTOBRED L,

2o, —xy Y (y, —yy ) 4 (2 my) - (10)

B/AED = — FTE, Bohr screened Coulomb potential}_;tm, R % % - &

CBCHRABL O, B—ETRFOBECREROANINAFT » v v i b WR
DR A2 FHETEDLL IR TS, CORBRTEF -7 A, =F »¥—E,,
impact parameter p OfEICTHT L T v —EEET, & BELRTOBREAAOR
% cos®THAH, HED (p,E,) KT HT,, & cos® W, SCATTROR#T 2
BEEBABRRIC LY ROLN B, TOR, ERELTOBNHKOEELB ¢ AO» L RAKL
Lo THROLNL,

g=(r—©@)/ 2 (11)
BEAL, THE (x,.7,:2, ) LEREERD, P, ORBLAE PR TRLETEL, T
AbLHLEROTHHUTRLVEZLONL,

T=a, (x,—x, )+b, (y,—y, ) +ec, (z,—z,)—p( 1/sin‘e—1)
i, BROEEROWACL P ROOLND,

3) BEREOP, OHARK (a,,by,0, JARRNTELLNS,
a,=(x,—x,)/ R, b,=(y,~y ) R, e,=(z,~2z_)/R (13)
—%Pp, OBMEROHMRKRE ('), V) ,ofy VAU TORE L TROONS (Fig. 6 &8

B .
a a;+b bite =0,

a,a} +b,b] Ty =cos (f+¢), (14)

v (12)

a,a) +b b;+ec, e =cosl
T _

a_=ble,—b,e] b _=ehfa,—c, 8}, ¢, =ajb,—a,b] (15)
HERECH L EROHFAKE TS Y, 03P, OBEAA, ¢ WP, OBEMNO P, T
Wt oET, HiERsFLICHL TEUFOBRKERILT 5,

gin ¢=p R, (16)

M, /M, +2sin” p—1
cos 0= > T (17)
COM, M) 2 (M, M) (2sinte—1) +1073

WNTP, WP, ICELBxH rx -, RBEEHEMLGRDOLNE, DED,
M,V , =M V) cos 0 +M,V, cos ¢, {18)
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0 =MV, sin 0-M,V, sin ¢ - (18)
PEFHETAEEMTOLITCRSL,
T,,=E, /E, =4M) cos’ ¢,/ (MM, ) o (19)

IhbEOEAFig. SWRLASCATTROBRY¥ETHEHINTWES,

1) BEFOZLEHRLO=F4, Snyder—NeufeldLETNTn5; #-TE, ML
Drixr¥—hEEINAP, AEUEHINSL, Kinchin—Peaser 71’ B2
b, P, D2 A¥—[T,E—E, &, FF> v+ 2OHAFHLHBARDIE, KZiTHD
THELTNS, $AEAMRAETFVELTSeitz—Harrison TR 54, Thicid
BREEL AN, RECHE 2— FTH, ELAHLMAz AL ¥ -OFRKEH®IRL S
;5%&01#9,ﬁt%méﬂkﬁ%ﬁﬁ¢ﬁ%ﬁﬁﬁuiﬁﬁﬁﬁﬁd,ﬂtémé
NElBLTHnARN, ZOEFACHEBLAANAS A—21d, RO3IDTH 5B,V
a) Ejection energy. E,

EHBFHE, MtOozrxArx—2B5 L, ALERINDAEEERD, LHrL IO
E AR aincB  NEFHERBUT L B2 R CTREER 7V >+ otk - 7B,
O FEHEeARETOT, bR lLEHLAELALMoALIREDLNSL, ~H AP ERE

vy railhoklE, NOTETORILLATFHETFIVRGEIND, H-TERER 7
vysr stk b ar ¥—E, A TR, RFORBINLGHH EALORTFR
BECRELTHRDL, BENICAFHCE, K2E Mt »Twnb, —RICE, HRE=x
Fr¥—FE QABFLCELNATWADT, E,=2E, t&ATWS, RICCLUSTER 7
v 27 ATRBOBRBAFTILIOIRATHLE, REAV VY raAamgthasbil L il
LOERE (a /2)YRERD, REBCHEELATAE 5BRLATNS.”

b) Subtraction energy, Eg
CHEZE,>E O3 »F—%2RTABRHNEFIBROEETHLIOLKELOND = 5
F—Thh, E-TZOREFHE, E,~E;OTF3 1+ ¥ —-TRAT(HZLELRSL, 2—F
FTHE=E, &R>Th b, JOEEANTHC LI TE 5,
¢) Cut—off energy, E_ '
HLERTHEBREROIBELARKR, =232 2 F¥—DE_ LI (-l TRHED
ERRTLYL, TLTREBOBTMETE TS, HSUBEELATIE, E =E &%
HNb,

LEDE,,Eg.E, #BAVT, MTO 4205 bOWThOEHRIER- AN T, Fig.
7ERLAZBKKEEP »—F > THELTWbD,

a) B #L
P, @E,=E, (1-T, ) TRU#HT, P, IBFREEE->Tn5,

b) L &HL
P, BE,=E, (1-T,) TRUHKET, P, $E,=E T,,~E, THEFRLLHL,
) E #® |
P, P, ORFRICELTD, P, BE,=E, T,  E; THFRL LIl &,

d) BFHEHEFER
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Compare E]'_ and E2 (energies after collision)

with E_, E.S and E, to determine the collision type

KCOLL = 1
KCOLL = 2
KCOLL = 3

Moving particle stops
as an interstitial

Scattering
RETURN

(No displacement nor replacement) ~—
Displacement

Record interstitial

or vacancy
Replacement .

Record replacement and

call RANGE to compute

the range of primary
KCOLL = 4

Call INT1 to determine the interstitial position
by calling BIG3 (to select the nearest position)
and set the position by calling INTZ

Call CLPAIR to determine whether the interstitial

forms an adjoint pair with the vacancy or not

Yes

Call SITE to look up

occupied

No

Call SITE 1

the site occupancy

Not occupied

(see Fig. 4)

No

Recombine the pair Record the interstitial 4——m(jThe end of primary? )

Yes

( RETURN )=

Call RANGE to compute
the range of primary

Fig. 7 Flow chart of BKKEEP program for determining the

collision type and record the resulting defect on

file (1)



( ENTER )
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pa—]

) Call PTABl to enter incident
Scattering
particle parameters into table
Displacement -
SESEY AVl:> V2 Call PTABI
Call PTABZ Call PTABZ to enter target
particle parameters into table
Call PTABl
Replacement
Call PTAB2
Interstitial
Pick up parameters of the next particle
{ RETURN )
Fig. 8 Flow chart of PTAB program for dealing with

next particle

parameters of the incident particle and the
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( ENTER )}

Select a test site

Yes
( The same as the last 2 or 3 collision siteé€:)~q

No
Call SITE to look up the site occupancy

Yes

(jVacancy or multiple in the site?—w

No

Calculate Dy by Eq. (1)

~ No
(fbnﬁz 0 and the smallest?Aj
Yes
Yes
PRI
( pbyEq.(2)=p . 7 }
No

Store the present site

Yes

e —{ No other test sites?‘L—
/)

No

( RETURN )

Fig. 9 Flow chart of TARGIZ program for selecting

the target site
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P, AP, EBTIEEY, P, 3X0F sBFRALEE T L,

HHEOd) OBECH, BFEEFONRET, BNRFLEERLCNBERTLD, B
FN6DODED 1 DICROE, RNT, TAHEAOCHABILEFRRER 7 vy 2 A Tk -
Tnhnr#i~N, TORKEENLZBHETH, LORRENME L AR, Fig. 30—-FTF
KRLALO, Fig. 8OPTABA—F>T, BHEFOF—7 212 BH L, RICEHT
B EFEEOT— T AD RN BIFL, COF— TR, RTOHEEFOEE, &E,
EBHOFBEE, chr¥—, ThORLEHINAMBOERNEEINTHE D0, &
BEHCHETFREB N TN EREFLONT, RVENRTHSEBLC, TAETNOROBE
ifﬁ%?ao%bf,ff7W¢®Emﬁ%ﬁ&<&é§T%§%ﬁﬁéo

%4 Fig. 10/RLAMAIN2(EDIT) T, ¥ Fig. 11 CRLAZBTEDIT »—
F»TEb, Fig. TOBKKEEPTRHRHINAZ7 > 1 v(DLOKRMEF (KSATX2 O & &
(BRITCHE7 > 1 »QLEORBITOTIMRL T, KPRINT=3 DAOEICTY > +
H+ 5, FARGTHRNAEMAINI(CLUSTERN#REFETAD, 74 rQWKBD Y
2 3EF,

2.2 MAINS(CLUSTER)é‘.MAIN4(S‘ATURATION)

MAIN 2THRANA 7 7 A »(DLORMBE BT THOAMAINS (CLUSTER)T, #
DEABEZLUTOLO>TH S,
1) REER7 vy s AT RBILLRFHIEFE®EL, BEAILTRBO Y =2 A b
W3,
2) Divacancy, di —interstitial , RU-- M LEDELLE L2 5 2 2R OA
BEHEA~N, BAaOr722—0Ds4 758, ThE 7Y b3+ 5,
3) fEAaARk 24 7OKRKMBEMO separation distance, RUILTNOJRMEEFAT H, £

LTRBOAIAO xy  x2,yz B~NOHBEERBRET S,

1) vy arfORERTCEALTE, HBOMAINITHE, RFEELLBLEHI AL
BEFH, F#OMELS (a/2)y REUEMIAMBICE S - AR, EER27 VY 5y
L, ThHTAEBEAIE AL, MAIN3(CLUSTER) CABEAOHAZRILE OERE
TR, TRNTOBRALETHEFEOMBA (2 2)VRUTOREBRET S,
Closed—packed line EORFHVRLUETS FECABEHED D, booTl, 1%
W EEET (000),(100),(111),(200),(222), (333)DAED, fce
T, (000),(100),¢110),(200),(220),(330)»Fhth, BES
ODXBRILR B,

LOLH5Wbeed feeTIHEARBLOT, MAIN 3 bee SOMAINSL & fee O
MAIN32ZANTEb, TEEFR7vy4rtid, Fig. 12 OFRMFRLALL S
Zbee T PNWTIH BUNSTBA—F ~, fec EDOWTEXFUNSTBA —F X THESIN
Tnbd, A O, MAINITROLAARTFHIEFOMESZ, becDEE, fec D
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( ENTER )

Print defect statistics

Call BTEDIT to edit binary tape (see Fig.1ll)

No

(jKPRINT = 3:)—————————* Print vacancies, interstitials,

replacements and PKA energies
Yes l

Write vacancies and interstitials on file (3)

Print damaged volume

RETURN
Fig.10 Flow chart of MAIN2 (EDIT) program of CASCADE/CLUSTER

( ENTER )

Perform an initialization

@ Read file (13)

=2 Call BTERR to print
error message if any

Call DING to read input

Read (1) and edit defect informations

l

call TSORT1 to sort defect tables into order

for printing by calling TSORT2

Fig. 11 Flow chart of BTEDIT program for editing

binary file

-
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( ENTER )

Yes ‘
( KODE(1)=0 Call DING to read input

No

Read defect lists from file (3) |

Call RNUML to initialize the random number generator RNUM

Yes

Print input | KPRI@E;iJi:}———** Print defect 1lists

No

Call BUNSTB [FUNSTB] to find unstable Frenkel pairs with
separation distances of 0, a, [0,a,] (after assigning
interstitials to lattice sites) /3 a, X3 aow3 3a /2 a,
2a, 2/2 a or 3J§;a ] and set their co—brdinates to zero T

Print unstable Frenkel pairs

Call VACCLU [VACCLF] to find vacancy clusters (see Fig.l1l3)

Call PRINTV [PRINTF] to print vacancy clusters (see Fig.l4)

Call MIDPTV to set up tables of mid-points of vacancy

clusters by averaging the x, y and z co-ordinates, respectively

l

Call INTCLU [INTCLF] to find interstitial clusters (see Fig.13)

Next page

Fig. 12 Flow chart of MAIN31 [MAIN32] (CLUSTER) program
for BCC [FCC] in CASCADE/CLUSTER

Cis—



104

Last page

JAERI-M 8178

Call PRINTI to print interstitial clusters (see Fig.lé)

Call MIDPTI to set up tables of mid-points of interstitial clusters

Call MEAND to find mean distances between clusters (see Fig.l1l5)

No

No

(jKSATUR:>{):}——EE§___, Read defect lists from file (3)

No

Yes

Count numbers of vacancies and interstitials

Write (13) defect lists

KTAPE = 0 Call SPLOT to plot the defect pattern
by calling GRAPH if required

Processed for all records on file (3 3;)

Yes

( RETURN )

Fig. 12 (Continued)
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( ENTER }l

Call COMPRV [COMPRI or COMPR] to compare x, y and =z co-ordinates

of a vacancy [or an interstitlal] with those of others,

respectively, for picking up the lst and 2nd [lst] nighbors

Store the co-ordinates of divacancies [or di-interstitials]

Call COMPRV [COMPRI or COMPR] to compare co-ordinates

between divacancies'[or di-interstitials] and single

vacancy [or interstitiall

Store the co-ordinates of vacancy [or interstitial] clusters

No
<————{:ffinished for all divacancies [or dl-interstitials] ?j)

\ Yes

Call STORE to store vacancy [or interstitial] clusters

No

«——~——————(i}inished for all vacancies [or interstitials] ?j)

Yes

{ RETURN )

Fig. 13  Flow chart of VACCLU [INTCLU, VACCLF or INTCLF]
for finding vacancy [interstitial, vacancy or

interstitial] clusters in BCC [or FCC]
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ENTER Print title

Count single vacancies [or interstitials] and

print the numbers, and store the co-ordinates

Count divacancies of 1lst and 2nd neighbors [or
di-interstitials, or divacancies of lst neighbors

in FCC] and print the numbers

Count clusters of n(=3) vacancies [or interstitials]

and print the numbers

Print vacancy [or interstitial] co-ordinates

for each size of clusters

( RETURN )

Fig. 14 Flow chart of PRINTV [PRINTI or PRINTIF] for
printing vacancy [interstitial, vacancy or

interstitial] clusters in BCC [oxr FCC]
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HTORBICRE-T, BFAAY OsplitREBBKFTLLOXERELTWE, ThdD
beeDEE T, BIREAKTFHEFEC(110] FAOsplitElF|AZ DT, MAINILT
octahedral DREBECE I NAIDE, %@ﬁi.ﬂ*%%ﬂﬁﬁ&méé SODERAERFADC
19O 5 7 s RBEHNLE, FeellDnTH (100) OFEOspl itEEBENEEZO T,
body—centered DMBILA > TWNEOE, TONBD LREBLCD L6 DOBFRD 1
ST K ACBENL TS, CNUTTHF?72 722 -RAXB~NOHHE, TORBO
HEOLHY T H52DTH 5,

9) 7522 —RAMELTHEINSOM@, bec THRBBELE 2BBELS LRI, 52
WEEBEOKFTHEFO €y M T, fee THEBEED € » POARATSHE, Fig. 13 K
FLALE 9T, bee DEILCDOVWTHVACCLUAM—F ~ T, bee DB FHERFICONT
dINTCLU T, 3/, fece®ZH, BFMREFLONWTHE, ThENVACCLF, IN-
TOLF THEL TWb, COKREFT ) ML TWHOHR, Fig. 14 CRLALIK,
oo D, BFHMEFICHL TR, FREAPRINTY,PRINTI ~—7 >, fooll
LT, TRENPRINTF, PRINTIA—F> T35,

3) e £ A 7'@KEI§F§@EEHE®§+§@, XPMa% single vacancy,divacancy, T 1
B F® immobile vacancy, XU single interstitial, di-interstitial, %
N2 E® immobile interstitial ® 6D AEML T, FAOLHIOWTAINTnD,
+hbbLi A4 7ON, EORKE |24 7ON, BORBEON N Bl i=jOLE
EN, (N, -1)/2 @) OERFHEIN, TORBRROLND, 772+ - OHEL
LT, Fig. 12 CRLAMIDPTV, 35WEMIDPTIT, ThE®HL T2 @
A DRBOBELEE »Tnb, £LTFig, 15 CRLAMEANDY—F »HT, H{L
24 7ORBEOEEIDIS TS A—F L, BEORKMMOEREDIS TD
sy, BEC2 1 OXBEOEAELL TN L THEAEBIN TN D, T O,
Fig. 16 2645 L51K, N, BEN, BOXBEOERICMA, N, AOEKENIS
j 24 7ORKERTOREHEEIHEL, CON, BROBEOAIHLROTN S,

MAIN31®A5VWHMAIN32OBH T, Fig. 12 LRENTWAELHIC, KSA-
TURSO0TMA LN AL BABICE, KMOY X+ %7 74 2+ FLHITC, BLEITE
UTRBOAFHE xy, xzdbnityz I~HELANEZ, HLFEERLASPLOT v —
Frrb7as bt BLOCAR-TND,

MAIN4 (SATURATION) TH, Fig. 17 KRLAL O, 7 1 »@EMNAKX
Oy = P BFA, TNCR-T, BFAOESAREOF — 7 2~ & ElT 5, ERF TR OR
i, Fig. 1058559, CORBOBETCPEKAPMAINITREINS L DIC
Bh,

#itr, Fig. 18 WX CASCADE/CLUSTERZ — FE&fDHERE RL THWnik,
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ENTER Perform an initialization

Call DISTS to find mean distance

between single vacancies (see Fig.l16)

Call DISTD to find mean distance between

single and divacancies (see Fig.l6)

Call DISTD for between single and immobile vacancies, between

divacancies, and between di- and immobile vacancies

Call DISTS for between immobile vacancies

Call DISTS for between single interstitials

Call DISTD for between single and di-interstitials, and between
single and immobile interstitials, DISTS for between di-interstitials,
DISTD for between di~ and immobile interstitials, and DISTS for

between immobile interstitials

Call DISTD for between single vacancy and single interstitial,
between single vacancy and di-interstitial, between single vacancy
and immobile interstitial, between divacancy and single interstitial,
between divacancy and di-interstitial, between divacancy and immobile
interstitial, between immobile vacancy and single interstitial,

between immobile vacancy and di-interstitial, and between immobile

vacancy and immobile interstitial

{ RETURN )

Fig. 15 Flow chart of MEAND for finding mean distances between

defect clusters
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( ENTER )

Pick up one point

Calculate distance between the point and other

points and sum it up

Find which interval this distance falls in

No

C

This distance is minimum?i)———- Set this as minimum

Yes

Tried for all points?;>-

Yes

Find which interval this minimum distance falls in

N
‘_Ji———-(j}ﬁnished for all points?:)

Yes

Obtain the averages of distances and minimum distances

Call POINT to print the results

Fig. 16

( RETURN )

Flow chart of DISTS or DISTD for finding mean

distance between two defects
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{ ENTER )

Call DING to read input

Call EREX for non-normal quit —={ STOP }

No

KSAT= 2 l Read (13) defect lists

Yes

Call BTERR to print error messages if any

Set the occupancy code in BCC or FCC

Determine vacancy and interstitial sites by calling
SITEL (see Fig.4) and prepare an occupancy table
by calling SATURN

KSAT Write (13) defect lists

Write the occupancy table on file (1)

'———={ RETURN )

Fig. 17 Flow chart of MAIN4 (SATURATION) program
of CASCADE/CLUSTER
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Fig. 18
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——MATINIL

| DING-RRDING-XXXX[SCHK09, SUBSTR, INDEX]

— BTERR, RSKIP, ERRORA, UNLOAD, INTF, XINTF,
SIGNF, MIN1F, XMODF, XMAXOF, FLOATF,
XABSF, SQRTF, ABSF, EXPF, ATANF

. EREX, NORMEX-MAIN3 '

— START, ICHIK, RESET, WRITEL, WRITE2

— TARGT1 TARGT2 ~— GGGG[SITE(SITEL) ] —SETIX
[SETIST

L~ SCATTR —RADIUS

— BKKEEP
—— PTAB RANGE
t:: PTABL - INT1 — —~BIG3
PTAB2 CLPAIR |'——-'INTZ
— DDDD [DEFECT]
— MAIN2 : BTEDIT
— MAING b— DING etc.
+— DING etc. I BTERR etc.
|l BTERR etc. L TSORT1 - TSORT2
— EREX - MAIN3
— GGGG[SITE(SITEl)]— SETIX
+— EEEE[SATURN]
—— MAIN3 — AAAA[BUNSTB], PRINTV
b MAIN31 —+— VACCLU, INTCLU COMPRV, COMPRI
DING etc. -—I:::STORE
BTERR etc.
BBBB[RNUM (RNUM1)}
MIDPTV, MIDPTI, PRINTI
MEAND - DISTS, DISTD— PRINT
SPLOT - GRAPH — STORE
| MAIN32—t+—— VACCLF, INTCLF ———— COMPR

—— CCCC[FUNSTB], PRINTF

Hierarchical structure of CASCADE/CLUSTER code
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2.3 a-—FOERK

231 AhF—Z# _
w—ngékﬁ?~ﬂu,F@;l@MAIle%iﬂéKG&,Fm.1mmm1N

31 ,MAIN32 @%&@SPLOTﬁﬂf—ﬂuﬂﬂ,?4TDINGW—%7fﬁ§ﬁ%O
C@DINGH,F@.18@%%@ﬁmﬁéﬂfhé£ﬁﬁ,RMHNG&%iﬁxxxx
DEASPr—F v bHATA AN, LORBOANAEREUREERT 5, Tabb, &
e kO LFBICES , 4,5, BEkE=PRET, 30BLCHEORCIHIEAL S
wﬂ,4®%ﬁmm%&ﬂf~ﬂ,5@%%Kui$ﬂf~ﬂﬁ<%oiﬁ:ﬁ,1@@%—
ﬂ@ﬁ%fé%téﬁﬁ%b,1@®DING@WU&LT@:K£E?5§Tﬁ$ﬁ$ﬂ%O
SMMAINlﬁ@f—i@ﬁﬁ%ﬁ%b,SﬁﬁﬁbﬁtéK@;Pﬁg2®iﬁfmmmm
&EOTMAINswkéxémﬁofw&o1ﬁE#3ék@4®%mm,ﬁﬁ1,ﬁﬁz
@Kﬁ%@%%ﬁ%&ﬁ%,%@%ﬁ?ﬁﬁﬁ%f,%ﬂ@ﬁﬁf’quéinTAﬂéﬂ
5, 5OBCE, EEREAOKRIT, TOEHDODIMENS IONZ [ | i XFhTcELTH
LRBEHFANINE,
MTK?uﬂ%@ﬁBMKﬁ»wfmﬁﬁfﬁ%TéoDMENSMN#lHL@%@M,
T OT CHRTCEORETEBRHITREL, F—2OBF, FOTREH INEABLUADD

(DVCOV\‘CEEL/fCo
s —F T B % A =
=0, MAIN4%BIFTITMAIN1I~AS
(a) (fg) >0, MALNA4ZE-THOMAIN 1~AA
<0, HEE®®RTTAH (Fig. 188)
1D 149, 1D2(9 _
(b) & (15A4) = #
VEFHEERSTNADT, TEREDoxFTOUTORKT
BEEE (i jk)ICH BEFOLH
TYPE 1(3) beco feec
TYPE 2(3) FE, ROEi, iH
(e) TYPE 3(3) TYPEL |+ ~TD1i,j, kBFE E’k%ﬁ%&hj B
% (3A4)
i1 BEET L BB,
TYPE2| +~T0 i, ). kHWEBER| RFi . kHEBT j &
=8
TYPE3SEXPKAOCEFA
@ O?iifL & amsE, 'BOCh's 'FOCb'EiEETh
PCHG(3) : FR#hTYPEl,TYPE2,TYPE3 O EF&ES, AE
{e) PMA SS8(3) #, ejection energy E,(eV)(Fe,Cu,W e LT
ED(3) ED=8,7,18 2EbhTn5E™)
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COSA ,COS8B.COBG

s A—7 E B A& 2 _ 7
CLATT FEETFEM @ (Fe,Cu,WKHLTIE, 28665,
36147,31650EbnTns'™)
7w vy VKER, TAbLEOXOPDp,,, @
PMAXX (Fo,OulCHL Tl 2 -EDAT 5 )
() 21fi4) ®ejection energyDHTR~NAZREL Y v
RELAX oAt AEAEILEHLOEBOERR (Fe,Cuilxt L
T s AMELN TS )
Bohr screened Coulomb potential, ()X, © 1<
XLMDX V< 20HET, LOETFrverERFEWANERTTEOR
Anb '
PRAOEER T, HBFEMHE (ijk) £iEX0=(a/2)
® X0,Y0.20 | (i Y YEORKICS B
ED PRADO=H v¥— (V)
(h)

PK ADHBERY

{i}

=1 Fig.30FRRICRARINTNWE L O, fl« OEFEK
2T, BRES, BREFOF4 7, BEO L4 7
(Fig. TOKCOLL ), BHORFER, BHFETF
OWEMEBOL I AL HF— (V), RETF H+F—
(eV), QRO pA, RUGROBEAEE (3,7,
2 VRBTI Y FEAND

KEPRINT
(¥ #) IBF@ 10 TRANTWD L 91T, k%Uzb®7U
¥ MHREEEIND
KHEY 2 PIEKPRINT=1,20¢ %, +XTOZEH, B
FHEETF, BFO24 72 ZE A 5BERBEROE FEEY,
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Table 1 Lattice position (ijk) of a box represented by each
position of each printed column by CASCADE/CLUSTER

g Position 1 2 3 4 5 6 7 8

? Column )
1 111 211 31 411 121 221 321 421
2 131 231 331 431 141 241 341 44l

. 3 112 212 312 4l2 122 222 322 422
4 132 232 332 432 142 242 342 442
5 113 213 313 413 123 223 323 423
6 133 233 333 433 143 243 343 443
7 114 214 314 414 124 224 324 424
8 136 234 336 434 144 244 344 444

Table 2 Limitations imposed upon CASCADE/CLUSTER
from available DIMENSION's

Item Maximum number
é Vacancies : 500 for each type (partly 600)
Interstitials 500 " " ¢ " ")
Replacements : 300 for each type

Primary knock-on atoms by PKA 300 " "

Moving atoms 300 at any one type
Occupancy change events 3500
Damaged boxes 1500 (24,000 atoms in bcc or

48,000 atoms in fec)

Collisiens 20,000 (10,000 if KPRIM = 1) R
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3. MARLOWE 22— R

3.1 a-— FoO#RE

MARLOWE = — F S EOKAGICHN T, CASCADE/CLUSTERLELT50DT,
FOEBFHERICKR~D, LAOHEOHIEFig. 20 WRLAk, RFREHET 2EHELI
WAED, HF vy 4 M FTHRDEINDS Thomas—Fermi® 7 ¥ ¥ 4 VOMoliere FEHA
BHrRAERTNDS S

V(r)=(Z,2,/r)f (r), ' (20)

f(r)=035exp(—03r/2a,,)1t055exp( —L2r  a,)
+0.10exp(—60r a,,) '

Screening ¥® a , I FirsoviC Lk ZRRNERANTH L,

a,=08853a,/(2) +2%)% (21)
L OMEE Fig. 20 O EFCRINTNSATF — 42 H L INPUTH, F$hbbFig. 21
OFHCRINTNDLPOTSET TRBLATWE (ANF — 202 TRHERHEER ), &
ERTOBREES TOROMED, A exp(—p(r—r )/ r ) OFOBorn-Mayer®7 > ¥«
AMERUIRDE e, ¥ROBLHE S S, Table 31T, TOLHXLTRDLNKa,

13)

OfE%, 320&BE2WTRARIC L AEEMEL TS 5,

Table 3 Comparison of modified screening radius for the
Thomas—Fermi interatomic potential (20) with the
Firsov value for copper, iron and gold in units

of A.
Cu Fe Au
Firsov value 0.0960 00996 00688
Modified value 0.0738 0.0781 00752

EEETFIEACHHTHELE L, BREBHOHRDL, EFHA Y ABHICR-T 7 ¥ #F 4l
BIMBLLTNTVEELTERT S, TabDL, EREEFE, TORFREENTHO
EEE T L4 (MY, Debyer FAE D {rmsiRB TRUHRBE T\, EREEA 72
ARICRD E3h, LALHE LEIAE 3BHABTEMNT 5. T b,

P(p)=(1/y2a)exp(—p"/2)
={1/J3—|P|/J§= — B0V, 2
0 ) J6<p
AT plrmsEBBATORFEALLOTNOERET, Fig. 21 OF 2 X— Y ORIITR
LAz L5, ARNORME TVAMPIZ LW EHE3 h, HBOGEHLOAZD 7 —7 v L3N D,

-3 7—
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Call MEHLER to fetch the quadrature

for numerical integrations

Call INPUT to read most of input data (see Fig. 21)

Set and print an initial random number
by using RANSET and RANGET

If required, call SINGLE to read input data (m)

If required, call EXTRA to read input data (n)

(j End of file?;><——————~ Read primary projectile data (o)

Calculate the direction of

=0 »| Primary projectile

Call ORGVST, SLAVST, RANGST, SEQNST, SINGLE

or/and EXTRA for initialize required statistical analyses

Generate the requested set of displacement cascades

(1~ MAXRUN) (see Fig. 22)

call SLAVEX, SEQEX, RANGEX, ORGEX, SINGLE or/and

EXTRA to complete the analysis of results

Print the final random number by using RANGET

Fig. 20 Flow chart of MARLOWE code
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———-—-—%- Read input data (a) and (b)

Print them by using LINER

Read and pfint crystal description [data (c)]

If any, read & print initial vacancies {data (d)]

If any, read & print initial interstitials [data (e)]

If required, read & print the occupancy of

lattice sites [data (£)]

If any, read & print crystal surfaces [data (g)]

Call POTSET to obtain parameters of interatomic potential,

by reading, if required, data (h) or by using Firsov values (21)

1f required, call INELST to obtain parameters of inelastic
energy loss (26), by reading, if required, data (i), or by

using Firsov theory or Lindhard theory

1f required, read & print input data (j), and tabulate
inverse normal probability integral by calling ARNORM

and rms thermal vibration amplitude by using TVAMP

Read & print computational model data (k)

Read & print output control data (1)

( RETURN )

Fig. 21 Flow chart of INPUT program for reading most of input data
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!

Clear all cascade storage areas

r Yes
( MAXRUN =<0 }— Set initial conditions of the projectile
No

Call SELECT to select initial conditions

of the projectile by using random numbers DRAN

If required, obtain the thermal displacement of a

primary lattice atom by using DRAN

1f requested, print the initial primary recoil

conditions by calling SINGLE or/and DETAIL

Generate one cascade by calling EVENT (see Fig. 24)

Classify and count cascade particles

Perform required analyses of the cascade by calling
REPORT, SINGLE, SEQUIN, RANGE, EXTRA, ORGIV, SLAVE

or/and SAVE

Print the final random number by using RANGET

Fig. 22 Flow chart of the process to generate the requested

“set of displacement cascades in MARLOWE code
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TERONTOEHL (BRAEZINTNDY
&kMAMﬁWEfuyaAfﬁ,ﬁﬁ%%&éfobbf##&mf,%%%Qﬁk@
%2%%@&@&&&ﬂfﬁ<o%LT%%@E%%C@*KEﬁﬁ5ﬁm%%K,EK%%
EFELITFA, BT Cartesian BRTRAI N, 1D0OKEEEIERBTELL LA -
fm&o2¢ﬁﬁ%®mﬁmT,OAMMDE:—Féﬁtéﬁm,%%ﬁ%ﬁ—&mmk%

WFOHEEAOMICE % HTT L THE, CABCADE TH, Fig. DL HITAHNFD

Rk, EERFNEBEL OB EHLTNE, TAMARLOWE TH 2 DL EOBIET &

PRBEEFERTHILOTED, ThDD, Fig. 23@ICRLALOL, RRORFL
OEETEHLTNL PRFOBWERFLLTE, ROEFOFETFO) = b2 LREANATH,
C>C’min20&0‘impact parameter pSpm"’é_"ZﬁETé&EK, FOTHBEHINL, L
ALED LY EEEEHETH 2O EOBHRFT, & T ABENARICE, 40, <,
d“<gmﬂd“<mmx%ﬁETé&3EFg.23@&@%3ﬂmﬁﬂg&ﬁ%ﬁ%®%%ﬁ
FLL, FRAENRICERTHELAL AOAFRFOBEBNE <2 vHITNMA S, TOF
B RO e, Fig. 24 WRLAEVENT ORFOHA, $2HLFig. 25 OSEARCH
CTEHETERATABRCRZEIND,

Ty

dyy P2

P

Y : (b)
Fig. 23 (a) Basis of the searching procedure.for

target atoms and
() the criteria for simultaneous collisions

FEUABECEL, #RENHT I v ¥ —HAEEFirsovEFVLEINTRIROITL RTE
5, Thbb, BEFOHERFOFA & — R AF D BRI A LNBIAALE—%QETHE,
LAxArF—FE, PPKAOEHRERED =&+ ¥ -1

E,=E;—E;—Q (23)
LEB, CNTE, HEMETFLELbNATI AV ¥—T, QUEIFAEREALCLL=A A~ ¥~

—41—
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i ‘ { ENTER }— : Initialize the variables

Selected

Select the cascade particle

with the higheét energy Search for the next set of coilision

Not

points by calling SEARCH (see Fig.25)

Not selected
Found

Evaluate CM-system scattering integrals according
to (3), by calling SKATR to obtain the apsis of the
collision by using POTENZ and POTENS for the
Moliere potential (20), and by calling INELAS to

obtain the inelastic energy loss (24) if requested

Test if the simultaneous collisions and, if requested, call DETAIL

| Evaluate the transferred energy

Find the new particle direction and scale the energies

é ‘ to guarantee the conservation

"Analyze the movement of target atoms and print it

by calling SINGLE or DETAIL if requested

Advance the projectile coordinates and check if still within the crystal

ini Yes
Calculate the minimum search e;___4 The projectile is still in motion?i)
distance for the next collision

No

Check if the replacement collision

Select the new projectile reference center

Fig. 24 Flow chart of EVENT program for generating

one displacement cascade
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HBEEHFENTND, Firsov '}t impact parameter p @ 24BEIC LT 5 EFOBE
TAAE—FERBTWAE, E, BeV BfILTHE,
Q=a,/(1+8p)°, (24)

2=005941(2,+2,) 7 (B, /M 172 oV,

e -1

£=a3042(zl+z2)% A
CEPINTNnE, COB, pOEELTRBARMREREA VD, HIC A 4+ ¥ -DEN
Lemcl, BEEEEERABREFORTROELVANORELFTOT, BETHE
C LB EEINTHEY

Firsove 52 OMIC, £ (MbATWALTOLindhardb OB “ICES N THMLL
THxAF—HEEFMTHLETEDL,

3 1
g(e)=e+040244¢”% +34008¢:7%,

2 1 2 2 .
1«:=0.o7932,1/3 zz,/é (zf'+z2/3) L (M1+M2)%/(M%/2Mi/2 y
2 2 1
5:0.8853M2E0/C27.ZZIZ2(Z1/3 +z2/3 )/2 (M, +M, ) )

MARLOWE = — ¥MTiL, (243 5\ (25 R R IBHEEMRT AT
_ (FK)YE, 6 /C1+R/(FR))°,

- (FR)’ ' 0.045expC—03R/(FR)Y,
O THELLTEY, Fig. 21 OB 1 X—JOTHRLEE %, INELSTT, FK&
FREFNTFNOEFACHE-TEHEL TS,

e AL LD DB A, BAALLRBGROBELEE - T {5, AFRICHERER
A ORAA~OEBERETHORELVWHE TS 54, MARLOWE TRROL Y h =7~
FEATWAYE F, SFRERALOZVEIKRLLEL, AREM, M,ORTORRERICEN
BEENBOREE, v, 0,(=0), ROV, ¥, BELRCETHEE, U,, —u, RV
V,, V, &35, 23T

(26)

Mlu1 : Mz“l '
ug:M1 ™M, U, =V, V1=m s Vy=u, (27)
EiC, BLRCETbBEAEOLTH L,
v§=u§+Vz—-2ugvzcos Q (28)
B TOL ERBEBICH D, BEROELRL T2 2+ ¥ -1
(1/2)M,Vi+(1/2)M,V, (29)

CTH LA, RRMBATEATAIADIK, ELRCETLREE fV, RULY, L,

CL2)M, £+ (1/2)ME V= (L/2)MV; 4+ (1/2)MV;-Q
(30)
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&:E(IU C@ﬁﬁ“b!

£P=1-Q/ (IMV i+ MV ) =1-Q/E, (31)

HBLA, COfFPRLTERESALOFTS L 2HHRABICEATSL, TANTE,
=TA/(L+A)IE,, E,=(12)M, u], A=M, /M, (32)

fﬁi%ﬂ%ﬁﬁl%»%—fé%ownﬁ#6%6ﬂﬁiﬁm,Q:0®%%@lefé
B, FEBEBAE DL AN CEGRFOBERDO T 2 v ¥ —dM, v, /2 THHH, (28) X TV,
ORDIC IV, E LT, ABUHAOHRL BA+THE, BOHRTFLELON A rF—LL

-
T=( Lo )M, ¥2= (Lo IM, Lul+£7V,—2fu_y, cos ©)

Z
MiM
= Lul(1-2f cos O+f")
(M, +M, )

=T _(f sin’ (@/2)+(1-£)"/4) - (33)
T =4E_ /(1+4A)

HBLNA, COLIEBRELFT, BELRCETHAHAAC LERERLHITLHBEAARI L O
B fhid

tan 0=A f sin ®/ (1+Af cos ©) (34)
LR BT ENBDE, ABCEHRFAZILAHINLIAEs
tan ¢=f sin ® (1—f cos @) (35)

TE4bNA(Fig. 23 @W%8R I,
MARLOWE 7 a 75 4Tk, # 7¥ 2> &L T1) EHEEBEArZLICERTL (Q=0,

f=1), 2) =& A~¥—BEREEFT LD, kinematics KR ARZEN (QZ0, £=1 ),
3) kinematics MO EETHD IMOBAATEETS 5, Fig. 24 OEFICRLZSK-
ATR T, Fig. 20 OfNOHKHOMEHLERTEEL A RBEICH - THARSTHEL,
BREGMEERRY KD, INELAST, 260 XA LML LQERDTN L,
EFOZUL2HLIE, MARLOWE T3 =2 »+»¥—E,, RUBEEz »¥—E, THW©
THMF+ B, Cut-off T Ar*¥—E, TRFORTEITLTHT LS CASCADE =— VL
L Thb, 2% COMARLOWE T, REETFON R 7~ FICHAAN LN ARFRO
BEE—BICER LAV, 22 VREETFOI 2 r— FTHRLLABTHREFERNET L
LTiEEbHAENEDCASCADE ¢ 8% 5, XKBEOBKAE, Z2AOBRKRER:r, THEBLL
T, BAEWRT—hba=—2CERLTW, $A4Fig. 20 OFPRMEARLAL O,
MAXRUN>O0 © L 2810, 50D oNAMEBEILHRETLIPRKAOHANFLILCZL LD
I, AWML 5 v £ 2 FAERHLETH Ay — FEIEERIVEL, TORREMEHICAE
LTATac b cad, Rt 1) ZILLBFHETOEE, 2) BRERC
L ELEH, 3) BMERFOXTBRLFATOBRERIIORIOABALHSD &,
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CRGIV
Select an unpaired vacant site
L TFind an interstitial closest to the vacancy
L Construct and print an ordered array of vacancy-interstitial pairs
{ORGEX)
| Evaluate and print the mean defect pair distribution histbgram
(ORGVST) ———— (Initialization)
SLAVE
Produce statistical analysis for a set of cascades
(SLAVST) {Initialization)
{SLAVEX)
l—— Calculate and print mean values and standard deviatiomns
RAKRGE
L. Evaluate the vector range, penetration, spread and total
path of the primary recoil

(RANGST)— (Initialization)

(RANGEX)

l—— Print the results

Fig. 26 Functions of programs for'analyzing individual

cascades and sets of cascades



SEQUIN

(SEQEX)

SINGLE

(SEQNST)

JAERI-M 8178

Scan the list of vacancies for replacement sites

Score the length and direction of replacement sequences
Print the results for a single cascade if requested

Perform the analysis for a set of cascades if required

Complete the statistical analysis and print the results

(Initialization)

(ID, NA)

ID=1

Read input data (m)

ID=2"

(Initialization for a set of cascades)
(Initialization for a single cascade)
Introduce a new projectile

Analyze the result of a collision
Analyze the results of a single cascade

Analyze the results of a set of cascades

Fig. 26 (Continued)



EXTRA (ID)

ID=1

ID=2
ID=4

Ib=5

EXTRA (ID)

ID=1

EXTRA (ID)

ID=2

ID=3

ID=5

JAERI-M- 8178

{(Version B-3)

Read input data /XTRB/'

(Inifiaii;atioﬁ)

Score the separation of a primary from a vacancy

Print the distribution of separations

(Version C-3)
Read input data /XTRC/
(Initialization)

Score directions and energies of ejected atoms in a

single cascade

Analyze and print the results for a set of cascades

{(Version D-3)
(Initialization)
Score reflected or transmitted primaries

Analyze and print the results for a set of cascades

Fig. 26 (Continued)



DETAIL (ID, NA)

ID=1

Print
ID=2

Print
ID=3

Print
ID=4

Print
ID=5

Print

REPORT

Print

Print

Print

Print

Print

Print

JAERI-M 8178

initial conditions of the primary recoil

conditions of the projectile before collision

details of single collision

conditions of each new cascade atom

conditions of the projectile after collision

summary data of a single cascade

details of the displacement cascade if requested

a list

a list

a list

a list

Fig. 27 Functions

of vacant lattice sites if requested
of interstitial atoms if requested
of escaping atoms, stenons and focusons

of improper replacements

of DETAIL and REPORT for output print
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AEFFig., 21 ORNOBHOFECRINTWALLINERE, HAZ ) » p O=— % b &
HEREHELODOFUNCTIONTS %, ALBRAEOAD OD R A NI EFIR - B2+ >
—5 >+ 354735) (JSSL)* DRANDURMA . To b, DRANF D ENTRY & L TRA-
NSET £ RANGET A E&HIN TS, HEEROILEHL R — FEBEFL 7Y > b H
ﬁ?%ﬁfﬂliAéﬂjf,OBGIV,SLAVE,RANGE,SEQUIN,SINGLE,EXTRA,
DETAIL,REPORT, SAVE & 5, ORGIVWFig. 26 CLHFITRLA LY IC, =F,
ERTFRIEFENCLUTERT LR 774 T, ENTRY:E LTORGEXEORGQVST 234, K
OSLAVER —ED # 2 r — FROWTHETWALEBELTT ) » P MATELE Y 275 & T,
SLAVST:ESLAVEXD®ENTRYZ$ 5, RANGE A PKAORE, #4530 A FOFME% L,
BB EREMESL LT 7Y >~ F N T 5, Fig. 26 2 ~— JAICRL%SEQUIN
i, BREEFICOWTERLT Y » N T5, SINGLEW, HE&E ORI ¢ AmaicsH
57 a7 4T, Fig. 26 CRLALOI, IDOMEICY - THsOMELBFL 5107 -
THWABRBREDE A dummy TH B, ROEXTRARINK B %2 T 570 25 4T,
Fig. 26 O3 ~*—vBURLAL IR I DOBRBSLA, WIFhdID=1,2,3,4,5K
E-T, AANOFEAASR, initialization, B—3 25— FELOWTOORG I VHIOE
#, AU B—225—FE2O2NWTOORGIVEOEN, —EDHX & — FILDONWT OBEN,
LBEELANTWA, WEQ T — FILEC— 3 RSHEI}ATNTNES,

DETALIL ,REPORT,SAVE HHADOADHOTr 75 4T, DETAILE Fig. 27
AL Lo, BREOCHEMAREEZT ) VA TAEA e 75 4T, IDRFE-THIRE
MR -TWASE, REPORTHE— R4~ FPOBRE 7)) VHAOT AT 275 4 TH A,
SAVEWM, “vyFHAELZ A Ar~OHANORDO7r 25 6T EH, BEQCL AT
dummy 7% > TWh,

3.2 a-FoERE

321 ABNTF—2

FFEHA— VCEIDBARNTF— 2 720 —7 G TETE T, MARLOWE 7 — M, +-
THREEESZL THWAH0T, BB NERBEOLT - 2REMETCANT L., T AREHOT
— 21, NAMELIST X TCEEAINARH LW TLIOTH S,

g — 7 R 7
NAMELI ST4 £ R A i ©
TITLE
@ (20A4) # o
NTYPE EEFOEFO24 708 ( <4)
" TY P E(4) NTYPEOEREF & (K -Z*EFE )
XTALS NEIGHA) NTYPEDER FORERFAH
_ (ABLBRTNEFT T O ) (<32)
Z (4) NTYPEDERFOREFHS
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rr—7 R
NAMELIST% £ B A & B _
W4) NTYPECEEREFO amuTOHEE
ALAT({) HERBROIOORFER (L)
UNIT BIDEMIKEDALATOES (AN LEOTNE 1)
NVAC1 BHEOZIOHE (<L2500) (AHLARITNEO)
NINT1I BEORFBRERFOH (L100) (AHLAMNEO)
MIXT k¥ CEREZEREOE ETRUE(ARTL AT
FALSE) '
BEPRHEINARE T S DL % SURCEQ)=TRUE,
(b SURFCE(2) BEELDEE SURCEQ=TRUE (AN LA TN
W5 & FALSE)
/XTAL/ VPR LTOF—2h%#t & ¥ TRUE(ANL AT NE
FALSETHEARLOEF v s AEHAND )
[NEL FERMA T F ¥ —HEEERTDH LR TRUE
(AHLATHIE TRUE)
BLFOF— 2%t L ETRUE (AN LATHIE
QPR FALSET, @3RAAOHBEH 2 F ~ ¥ - HED ~
S A—=B2%FEWND )
THERM BIEFORESTEET L L L2 TRUE
(AHLAANEFALSE)
LN(NY,N), (RN(NY,N,I1),1I=1,3),N=1,NEIGH)
wkty, NTYPEQREFI L OMBERTOMNERE TONELS D
EFTO 24 7%, NY=1~NTYPEXDWT (NEIGH=0 O D™D
(o) T ) (13,3G11.0,13,3G110,8X) TANTA
LN(4,32) |BERFO£/47ES
RN(4,32,3)| UNITTHELARI REM L L AHYER
NVACLI>0 Ok &, RHEOCZILOMEBELELOMBO #1417, 7= £
@ ()& FARICANT A
NINTI>0 0L &, BEORTHETFONBLEOCHFO 24 7%,
te) 7 2 EABICART A
MIXT=TRUED & %2, ENTYPEORFAHB 4+ DOEFTHEEINTH
LEEEANTA
ORDER(1 ., J)NJOCEOEFVIOEORFICL
0 HA T BEa (ADLATRE, EEFICE T
/ORDR/ ORDER(4,4)| WAWRESRTERAFF LA L, TAITKDONWTD
HMALUTOE B, By OBTARIELELTED
nbd, )
SURFCE(L)=TRUE © & &, #EOXHETAL T 5H
& RSORT(3) fERE ONAEBRFMOMiller FHH
/SURF AX 18 AQR) BT RO 2 o0 B A OMiller A
AX1S8B@G) s
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F o — 7Rk
NAMELIST# £ B A i & .
AXISALAXISBTED LN LFFMUAE D 1 DO
RSRF(3) FERCABEUNITOENTANTLE (AHLATH
(@ i (0D0, 0D0,0D0 )
/SURF/ SIDEA REOFHAUAKED 2ORIFZUNITORES TAD
SIDEB T5 - :
DEPTH 2O0DRMEMASHH L%, UNITEA TOEHOESR
VPR=TRUE ©& &, BEFMAF v vy vOF— 2% AN+ 5
®) BPAR(I ,J )75:1 DREFEIT (L I)EFHO sere—
ening ¥ ( A) (AHNLAWHOIOLEE, 25
/VEAR/ BPAR.(4 P4 HVPR=FALSED&LEQAROFirsoviT L AEAA
h3IN5)
INEL=TRUE ,#2QPR=TRUE Ot %, 1 DAHEKNTFODJ OEH
HFCLHFEBHEO - F A ¥ —BARCETLF 2% ANTE (AHL
EnHODEE, BLNWHQPR=FALSE ©& 2HARLDMET AN
5 )
Electronic stopping MEBT AFKF 25 o ¥
FK(4,4) —ORHBRSE, TEH -AE(JeVAaA’)
(XESE
FR(4,4) WA D length paramet.er(g) ,
FIRS()=TRUE OLEZd FirsoviC L AF K% A\,
(i) FhMA R LindhardiT L 5,
/S QPAR, FIRSC=TRUE® & &[T Firsovik LAFRZHEW,
FIRSG) FNLEATEBPARCHEICL B,
'FIRSG=TRUEDL &), REEHEERICH T4
BHEEZ FirsoviC L D ERL, TN DOL &R
BREEERWD., _
(ABLAZTRE, + XNTFALSET%ZA, )
i THERM=TRUEOL &, BFH FOREKRBETEET L
¥ T 8 O s E
/STVIB,/ : .
TDEBYEW) NTYPE O & TEFOF < 18BEO, (K)
B FArORMT, EIRUNITIC L ABM, x50 x—(F eV BAL
TAATH
BA® impact parameter p_  @®ET, RB() &
RB(2) BUOERERT CTHW, TORBIERBE CEZAW
® %
/MODL .~ F R =AM O R ER ¢ T, DSIM (DiE#ELETIC
DS 1M() FAREHEOEFEHET OLCHN LN, DS IM2)EHE
OHWIECE (TIMO=FALSE) b s AN
LGN 054E 025A8%%5 )
XI1LIM BANOH HERER (AD LAETAE 01 4)
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7 -7 BV
NAMELI ST#

E B A&

2 &

/MODL,”

EDI S PU4)

NTYPEERBEFOHILEHLB -2 A+ ¥—E,

EBN D{4)

NTYPE BEFORF~ORER T F » ¥ —E,
(ABRLZTHRLIEODO)

EQU I T@)

NTYPE&ZFRTFOBAROCEMR T d ~» & —E,

DECHAN

Faurd) I HBETERETLIBERIF v F —
(AL HOAHRE 1DO)

I CHAN

HFZTLF 3 ) 7HROTL YD @
(ANLARTFNE100)

DERPL

FocusdNABBRBETOAHKNFOEBTLEX
xR A¥—- (ANLAETRE 1D-1)

IRPL

FocusSNABRBEROIT LY b @
(ABLAERTHAEL10)

POLY

TRUEOEE, EMEREERFICLINS

DVAC

MR HEE TOEILOF X FEBE(ADLATRE
0.5 A )

TIM(12)

TIMDV=FALSE®: %, #AORMHIL 0 &LHNET
29, ADNEFTRUEQ: REREEEIFTRAN L,
TIMZ=TRUED &, AFKFOESIESRL
M, ANE+FFALSED & 2Ll HOAr~EL,
TIM3)=TRUED: &, I FBRETFRFHETTS
H, ANDEFFALSED L S B FUETIT S,
TIMA=TRUECL &, BFEMEXFEFMLE TT
5H, ANEFFALSED L 2 R FRHETIT %,
TIMSI=FALSEDs %, EBHEFIHAELOR
B (A, AN TFTRUED & & (d 75 AZE L TE <
{ Fig. 23 &R0
TIMO=TRUED: &, FHEBEL*RRERTE
Bt+ah, ANETFFALSEDE &, BLRTE
BT 5,
TIM7=FALSE ©C & %, # 2+ — FEFIBENL
LTHOS#H, ADHFTRUEC & ZEEEMNE L &y,
T IMB=FALSE O & & X, AFHFA4% RN KCH
Th EnD, AHNEFTRUECE Bl errorili b,
T IMO=TRUE®D & & JREAMCAREREEZRT
Z%, ANEFFALSE © & & (1BARCHET 2,

(1)
SOUTP,/

HARF— FPOBFLEBAOZ Ty 2~

DRNG

PKAOREAMDE R 75 aDF 5 3 LB
(ADLEZOdNE1DO)

DIST

ZVvyrANAAEROe AT A0F x v E N
B (AALATHRIE1IDO)
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7 — 7 B

E B A& =1 7=
NAMELIST#
LORG(I)=FALSED & &%, 7 v vy AXENTY -
PE NN FIECENT L,
LORG(Z=FALSE® L& &{d, improperZEMAEZE
i, 7vrysramOnReEThH,
LORG{4} LORG(3)=FALSE® & 23, proper ZE#MEHRE,

Uy s ANONRET L,

LORGU}=FALSEQ® & &), SBHEBHEFIEER I
NezERETH,

(ADLAEAANEFT~TTRUE)

INFORM(I=TRUE © & %, 7 V> 7 Axf4rHEEK

EFHTT 5,
INFORM2=TRUE © L &, —#EDO R s — VO
HOBEERT A, :
INFORM3=TRUE © & %, PRAOREOCSE%
Y T5, |
/OUTP/ INFORM4)=TRUE © & &, BREE/NOBIT T
So
INFORMB=TRUE © & &, SINGLEIC L A7
T 5, _
INFORM(16) | INFORMG)=TRUE O & &, EXTRARLOHH %
T5, :
INFORM7=TRUE D & &, BREEOFMEH T
B
INFORMSB=TRUE O L %, #» 24— FOFM~E T
~NTHAT 5,
INFORM®)=TRUE O & &, # 24 — FOHAMLE
BCE L, '
INFORMO=TRUE © & &, » = & — FOH LIk
WICHRICR S,
(ABHLArTNE, +~NTFALSEWX%L )
(m SINGLE CEHTAAHOANF— 2 L INFORMSG=TRUE L&)
EXTRA THEATTLAOOCANT —# [ INFORMS)=TRUEZZLE]
SIZE UNIT#H#BENNELA LA F40F 5 >4 11
) I1ON 1RA 4 >OFHREBOE (<10)
/XTRB,” - "
RION(3.10) UNI THBAE L 245 507% 68 o BEE X(1), YO,
Z(1), X(2), Y2, & ADTEH
5 Bt iii‘; BARUEBA B ()
(n) Sputter INANTFOIF A F—RHFOLDOOF &
SXTRC,S EBOX v EH AIE 7

,,54_
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g — 7RV
NAMEL 1S T#4

E B %

2 =

{o)
JPROJ

PREAOHEEY 5L 50, Fig. 20 26855 5EIERLT

ANTED

MAXRUN

MEHWCBLEPKACEZR (AT 0O L BERD
LNARBEO 1BEOAED )

PR IM(2)

PRIMUI=TRUE®& 5[4, PK AOHEDHIHER
A+, PRIM2=TRUEQL&2d, EXEMNEFOIE

TLEHR L ARWET S,

(AALAFhEmAEE S FALSE)

LOG

PRKAOHMEBERELEHET b, BENOPKAD
L&, LOG=0,1,2,37T, ThE¥h, EHEZE
Miob, z>05@OFEMAL, &F1RRL2DL,

1/ 48 6B HIERE, HENO primary O
i, LOG=20, 21T, ¥n¥h, FAULAKEOLE
BEFEHAL, AXISA WEHEWESORED b —FRICAL
BrRy, (AANLATRE ORAE > TWWD, )

KARMIP

PKADPBFHEFO & EKARMIP=1L75
(ABLARGREO )

EKIP

Primary OBHNOT 2 £— (V)

RAIP(3)

Primary OEPVOME (AL LEZTNE, 0DO,
0D0, 0DO)

LAIP

Primary D2 A 7E S (ANL AT NE 1% T
na)

REFIP(3)

Primary OHETHHEO (5N ETHITEN)
EEBRTFAE (AADLATHAFE ODO, 0DO, 0DO)

LRIP

REFIPODEFO247&FS (ADL AN LIT
HalTnd)

THA

Primary QA T, #£&ENO L EERSORT, T
MAD: 2t 28, ALATG, 226l n s (AFL
AdHhE0E)

PHI1

Primary OHMAT, HEAOL ZHAXISA,
FhlMAOL B d i, ALATQ, 268 bh b (A
HLAERIEOE) '

DVRG

ARBFe—20FEHBY (ADLATHIE0E)

B EDAND S b, 7r—F@irb()E TH, Fig. 21 CRLAL DK INPUTTHRAA
dnTED, W b2 TEFig. 20 KRLALOIKMAINTHRARAINL, 7~ F0
" SwTit, /XTRB/ . /XTRC/ W, Fig. 26 ORBO~X—ILRELELOR, ThEN
B—3,C—3ROEXTRABTHA, b — FANL AL > BB, DATAXRY
BLOCK DATAR L ->TREINTLEHHKRLN Do
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.22 WHZY >+ : -
B 7Y > b IEDNTH, HR5CRLABCET 2 HEEROHNO 1B EIE 6 IOF
Lk, BUORBERL, Cu ORARECHRFVEEL ~RCAN LABROHEFOEBYL
BoTnd, HENAMEZOT, B1—vrbAbLIBTERELALLTEY, #
BEEHL2X 2 (COBREL ABBERAE-TWSE )OKEALAE-TNE, BEFHEAT >
vxrldt, HARAADOFirsovCLAEEBNTEHY, FERMEMN = L+ ¥ —-H/ED, F1 <~
JHRICEAINTNA L O, TNTHARSIO T — 22 B o TERLTWE, BHE= T
MODL,/ O ANTCHARB=2, ROFBEHEODSIM , ECXILIM, DECHAN, ICH-
AN ,DERPL, IRPL i, WTFR b EARARALDERT Y » PINTWDH, TORDEDLSP
K, AHRLD 10° eV #A-TED, RoTHLEHLAEB ERLA WL S E -T2,
EQUITH, ANCID 1 eV &RoTHH, TNTHENT, TIMDSLTIMY) 2 TORE
NTY) P INTWVE, ADETIMB=FOALED, LHRICTHEHEL TEIPN TS KARMAL,
HRr— FCERLATXTORFORBEZ RTEH (IJKL)T, 1,J,K,L €hZns
Table 45(6%4,7‘:3; SHREHRE D -o'cv#éc JOUTP,/ 2T, INFORM2=TOHH
ABZIN, SLAVEDZ 4 —F »CLD) ~EDH XAsr— FOREIWABEZTEL IO % >Tn
L, 1~_-—-vHOFHO Hﬁk@ybz = FYOHAARE |07 Y) ¥ ML, INFORM
B ~002:F ~T FALSEQRO T b, ZFHPEAEL, AMHICT~T13107 5 T
o b ANTN D, 1 -
o~_ v B, AEISOANTELTNWAPKADCZ2OMWESRE PROJ, OFMICLS
ERES55THAMN TFANOMAXRUN,LOGHZY ¥+ &, T THA,PHI,
DVRGA 7V ~» rdhb, PRIMI=T,PRIM2I=FARAOQT, PRAOEROL ZEHT 2 4,
B ETOHLEHLAS-Td L (EBICREDISP=10" e VRO TARTHE ), T
LAIP:EKIPHZ ) »EIRTnDH, tORKENTADEDHBSLAVEL L HBATR/RT,
EF1o0N R s — FICHELASOTH ERREFRCE > T D, & OMETE, AH
L7 1 keVOHEFN, Cu AT TEHOTIIEMEEL, 0L1SEEREmALMUHL, KD
00999 AEEPTENREFVAML LA A > THR>TWD, ZORICHENT, =F 4 ¥
T ONTORHER T > P AINTED, 1 keVO 5D 193V VI EHEMARITELN,
0.39eVAE, MFTOHEEREDLN, 092eVA01FOFRELLMRUHLAHRFICLD
HHLELN, BDPO99676eV DEMLTPICEE -7 I8 9%OHEFTER>TWAL, BT
JryrdR—vHITE, TORBROEBOHEE, » 25—~ VEERLAZEFOH (505
S 1)BTY b ANDA, A6 TREKL A, FRO2—vBAE¥L, PROJ D2E
HOANCREN, B ohr®—OBRD100eVILE » A HEFICH T 5EMERL, B
K%éﬂfhéoCQﬁK,&k%&Qﬂﬁﬁ&,ﬁz&—Fﬁﬁﬁbﬁﬁ¥@ﬁﬁ7uyb
INTHD &% By e
A7, SESOHBE2XHTEHAN 7)) > O 1R ERLAIDO THE, TOFIBEE,
EAB35X25562A0MOBRETEIC 1 keVO Ar WFNEEHICAH LAKED sputtering
%8| > TWnh, VPR=TEL Tscreening @F% #— FAILTEH, B1=IEF0025
L51C, §ICHL T Table 30 0.0738A%MnTnd, E,,E, L& 5eVEANLT
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Table 4 Contents of KARMA (IJKL) for describing the
status of each cascade particle in MARLOWE

Atom is not paired with a lattice site
Atom has been paired with a lattice site

0 Atom is not currently in motion

1 Atom is currently in motion (EO:> Ec)

>1 Atom is a possibie stenon (KARMA increases by L=4
for each channeling collision in sequence)

0 If J=0, atom is not yet in motion. Otherwise, K is
read as a part of L

1 Atom made a proper replacement

2 Atom made an improper replacement

3 Atom escaped from the front target surface

4 Atom escaped from the back target surface

5 Atom is a truncated stenon {(channeled atom)

6 Atom terminates a truncated replacement sequence

7 (Not currently in use)

8 Atom is a lost projectile (no target atoms were bound)

9 Atom has stopped interstitially (EO:E Ec)

0 Atom is originated from a lattice site

1 Atom was initially an interstitial

2 Atom is a redisplaced lattice atom

3 Atom is a redisplaced initial interstitial
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2D, ThEE2R—9ICF ) v+ INRTNE, MEREHIC—RKIC, 1 0EOAr T HRAA
SIS DEBEHLER LT\ 5%, 1NFORM2),(),(), O} TRUEL & » TWT, Th¥h,
SLAVE, RANGE, SEQUIN, EXTRA (C— 38) TEHFL, 7V ¥ M EHTHLIC -
Tnh, 2=—yBERY, AR6O2~—HFEK, SLAVELILHAOT Y >+ THE, TO
Fio, SEQUINIKLAHMAD Y ¥ b IRTEHD, 3 3BETOBRBGRFI ORI, i
z, AEMFOBBREEI L, ThOFAKAELTT) » PHALTWE, THICE
NT, FOBROCEFRECHD YA N CASHORBFBRT Y P EINTWE, 40
B, 3084 TORTF, TADLAr #, 1E2E 2074 PCASABAL improper
BRmAEDT, FOMO 470, TOLORKSEHONTND,

3 ~— v BIERANGEC L AHHNTHH, AFLA 1 0EOAr HFOS L, EHTY »
FEARTWALOK, KENE~ZERETHWLOT, BYDSHEORBOMITELZTIRI
nTwnb, KWTANF— 2 TELRF ¥ ¥4+, DRNG=035355% A THBHED
ﬁﬁﬁ%éﬂtﬁb,%@%é,sxmmsssuT#4ﬁ,%ﬂﬁ%&SMﬁifﬁgm,
FABLE15%0353558CA2E NI AMCE>T D, BNTEBRD LOI 1 0 EOAr
BT OBRREN7) b 3INTnd, TOTHEEXTRAC LLB|THERT, s FRAERE
HLHL EHINABEETE, ELSORTFEAT Y » P INTHE, ThICHASKNT
HEEhAENOT, 2~—YEPRORD SAFNFOFEEELFIVABKE - TWbH, KNT
O b 1 8fH, 2B FRHMEOBAES, BESILNEFNE2LSELEEINLAE (505
a1, AKOEFF10) BTV ¥ 3N, TORL, TNLORFOIF A+ F—x X7 b
450 eV FEICLTT ) v VSN TnD, CORAETH, BREHHLBTS O, MEHD
F40@EELEEINTWEDT, ThOOARLFEINTN L,

3x—gHTHCE, 7yt ebRbLO, zabE U slanks ofE 4 CBOET T,
FHREN, ThOLEA () EBRAORRE (H) THBLTRILTWS, TOTH, &K
@ﬁ&ﬁ&,C@lo@@wz&—F@f%%bﬁﬁ%@%iﬁd#ﬂ@Zwﬂ@¢%®§©;
PIC117T)% 7Y v FLTE->TWA, -

BpICAGESIC, FE5ORBEICHTAHBELROEN TV ¥ PO 1 BERLA, T
fH4% 3 L7 CASCADE, /CLUSTERIC ;X 2 HE L&, MOKEFTO 1HOPKAKLE
Bh R FER TS, RFEHAT > vy LD screening 2RI, HE8OE1x—
MRERINTVWAELIC, ADF— AR LOAETORLER, Table 3OEETRNTW
5, #OFHFKE, RB,DSIM,X1LIM, DECHAN, ICHAN, DERPL, IRPL
MEWC 7Y »+3h, EDISP,EQUIT,EBNDZHAANT —2IC LY, F~NTITT eVHA
ﬂBﬂf%éoﬁﬂSQAﬁ¥—ﬂ#5ﬁ%£5K,IKHBMWMMW%UE&@T,Q&
GIV.SLAVE ,RANGE, SEQUIN KL VT3 n, EWLXINFORMBI2ZTRUEAZ DT,
DETAILL(), REPORTWCL W # 2 &~ FOFEMHBZT ) » +EIND,

MAXRUN=0ADT, E2~—2O LFXDETAILDIKL bFHLLTWnDE L ST, B4
B (KARMA=100)D 1 EFH, 1 keVO T A v ¥ ~THRMA1349°, FHA/1337°0F
EICRE AN, FRICIDELNARKRKBZ REPORT ICL D, 2 ~X—VHPRYRICT YV~ + 3
RTnb, HEBOB2<—IhROY 2 M, 725 FICEKLA 6 6EOREFILONTEDL
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NTWwaH, 1=—9H07 )b EAFERLEARETNWEN, TAEKENT, 6 6BMORTO
BREBOREL, BHOMBOEED Y =+, EREOR®RK, ThbORKUBILCHAWET
7B (reference site)DFEBE &, BUEORTFRAOFMHZE DY R BT Y > b TN D,
TRGEVNFEETIHEE Lk, THITHK &, o ARILOHEBEERDC ) X b3, ffH8O2
N P HBECIBRANTRELOR T ¥ 305, T TNSUBSTHE, fEbhAZIICA -
k., ThbLEBRLABRFOfile BET, 0DBRICE, ZACENTRLILERLTND,
0 ~— HBOTFTWHESEQUINK & 2 BEBRFIOBITHE, RANGELLILZPKAORED
BATRERESR T v b an, 3<—YBIHE, ORGIVIELIV BTSN RZILETHMEFOX
BV R FAIRTND, SOB/KHE, /OUTP/DLORGHT~NTTRUEA DT, BRER

H, ZOWCY) 2 MLLEINTN S,
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4. ERSHEHF2—F - X7 4

4.7 DAIQUIRI a-—§

— T 1 IRIEBIRAE (primary damage state)DHITH  short~term annealing
DviaveyvasvidershroEfBnbonsd, CDOannealing OCHMOBARBEOR 2
., FOREOTNTOMORBOAANHABE FEAKLIRE L, o TRUWCEORKT
T, 2@ amealing BORKMOAHILKRE(EETLOT, thERIWICART
BB, 27 iraEERNLOTHE, ThbL, ERMAXT » 7RG TEE D
Ktk 5 v £ 2CH/NDIT, TRDBHEHLHEI 1R D, L THEWICE ( & LHBTELR,
Yy y 7OHAD, HEFHCTELZFEALDL v # 2 CREN L, WICETOH M OER T
+Hmigration =F A ¥ — LA KL OHBITL b, EBICETORMEBEB L E D hHhRDDL
na,

Besco & Beelerld, B—FFD bee, RV fec KT T H annealing DEEa —»
s LTDAIQUIRI{Defect Annealing in Quenched or Irradiated Specimens)
e L, “OFortran 78 75 4DY) % b ERLTWA, ZOHEDoranidZ Oz — &K
BL, ANNEAL £&RF 2D en 608 Ea — VT, #RBM27 » 7RIXNTORKEE 1
BETs »#ahBETLOE, Iy FaRBA~DIHRTY x> 73L, TORBL2 5
= 4 —{b+ BHD, HB{dissociation)T A%, FAEHEK( annihilation)T L% H
TWh,

DAIQUIRI = — FORHEOMARFig. 28 IURL &Y, TZORMEEN—F “RN-
UMb JSSL? ORANDU # AL TH b, RNUMHFOENTRY: L TRSTART A2
ANTwnhH, OCTINGZE 2¥O CASCADE /CLUSTER 2 — F T~k bee O octahedral,
fec Obody center O FHMEF IR 20, FNLERBEORFABICE AT = 72
2 Td B, $HUPDATER, #0 L2 ARMBOERBOR(LIKHED 2 5= #—1tE, Table
5®ﬁﬂﬁﬁbkﬁﬁﬁ#0mﬁmT&%m1ﬂﬁb,K%UXF&&%?éfnfiAfé
%, CLOSE@EL { Table 5 CRIANTWHREBEBFRENKLEANT, 7V ¥ ad
OWRKEFHEL, FOLIRRERBIR P LLBREALTW S,

Fig. 28 OF 2 ~<— v EHT, HeORWE T > # 2ICRY HLT, BHLTHTED,
FOWAOZEMMFig., 29 WRANTWAH, DAIQUIRI =— Fid, Tk, R&ENZam-
ealing®F 4 &L TH, Johnson O AFERICES ( bee « KR TH b OO I DI I
RAZNTWnbE, ThDDsingle v-acancy, divacancy. single interstitial, di-
interstitial,F N ¥ Omigration TH + ¥~ &L LT, 068,066,033,018eV
%M\, 300°K T, Table 5WRLALDK, single interstitial &di-inter-
stitial OAB L ELTWS, CRLOBEERHXT » FTHE-THW R, FFEOHHL
BEND, BOSAEBORFMEFO Y « v 7OLHRMEBO L 2Bl =27 v 7O BAL
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( START ) Perform an initialization

Call INFO to print the title page

Call INPUT to read input data and if required, to read

and/or write the initial defect from and/or on file (2)

Call INPR to provide a listing of input parameters and
the initial defect by calling CENSUS and TPR

Call INCH to check input data and if necessary,

call PANIC to terminate the execution

Call RSTART to initialize the randoﬁ number subroutine RNUM

(wmiN> 1 2 )

No

Yes

Call OCTIN to locate input interstitials,if any, adjoining
lattice sites by using random numbers and update the defect

list by calling UPDATE and CLOSE if necessary

Call CENSUS to enumerate the defect populatioh and

call TPR to provide a listing of the current defect

Write the current defect list on file (11)

Next page

Fig. 28 Flow chart of DAIQUIRI code
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Previous page

|

call PRMUTE to get a randomly selected permutation of integers

(1~ NE : total number of defect elements) by using random numbers

Try to move each defect element once per time interval

for simulating the defect annealing {see Fig.29)

Yes

(i%inished for all time intervalsg;)

No

Print the intermediate results, if requested,

by calling CENSUS and TFR

No

4&————————(?All defects have been annihilatedj:)

Yes

Print the final results by calling CENSUS and TPR [=—

Call FPSTAT to print statistics on

Frenkel pair annihitation, if any

(%) Call LIST2 to print a jump history if requested

Yes : ‘
4—————-—<:All defects have been annihilated{:)

No

Write the final deféct list on file (11)

Yes

Call CLEAR to No ~
4——————(j£ést problem?g; { STOP )

clear the defect table

Fig. 28 ( Continued )
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le

;

Select one defect element

. _

4*———(TElement of single interstitial or di-interstitial in BCC?:)

Yes
No
Call DINTY to handle <———~<;Element of single interstitial?;)
di-interstitial migration _ Yes
(see Fig.30) Determine correlated elements by
using a logical function CORL
. (see Table 5)

Call SJD to select a jump
from available directions
by using a random number No

Element of single interstitial?j}

Yes

Select a jump direction uniformly by using a

random number from RNUM

Call JPROB to get the jump probability (see Table 5)

Determine if the jump occurs by using a random number

Call LIST1 to write the jump history on file (1) if requested

Ccall JUMP to translate the element to new coordinate, to check
whether it results in annihilation by using a logical function
FRENKL (see Table 5) and call UPDATE (and CLOSE) to update the

defect list

No

v PR
'\_All element are selectedf }

Yes

Fig. 29 Flow chart for simulating the defect annealing
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Ko Tnh, FLTEBOBFHETLY 30 0FH AL TNY, HODbZhdi-inter—
stitialid, FTOBMBMIE30C s> T5LTekD, Th%EFig. 29 O LFODINTY
a5 aTEROIE->T\hH, CHLOFEMEFig. 30 CRENT VWS, &k, Table 5K
#ZHANTnAhHsingle interstitial MOMEROWTH, 2EMFOY x> 7 Tdi-in-
torstitiallCRd THED S IEBILCHH IO NT, TOMOEREE T5HA~O
Sy v THEERE1ELT, PEVWREI RS OEREER L TnE, Thd Table SITRLA
REEN CORLEEWTHELTHY, Fig. 29 ODLETHEN, FROCIPROBT, THiT
BT Vry THEEFRELOIRZ>TND,

Fee Rz LT, CONECT& FRENKLIKDWTH, Table S5KARLALD CHED
A BAE R T AR, CORLE ¥ xv 7BELDWTCE, Doran & Burnett LI
p —gEICH TS = FALEINTHL (HEARAAL, Single, di-, tri-interstitial
Omigration T* A+ ¥—{F 015,029,045V ZANTEHY, BRFERAFICONT
d FOMBOE AREERUTOBCHEENSLEL, HBEROLLFANOY v v THER
F1RLTWA,

AN F— 2R TFRETLHL, 4207 r—7RHNRTN D,

o — 7RG
NAMELIST# £ B A &

it

ID10), I1D242
% (12A4)
NPROB MEES

BHIOCAT v TEE(ADLAETIIE L, restart
OB 1M EEANTLS )
NTMAX BROBHAT v 7HS

IR VR +ENPRIQBEM =T » 7% TENPRI()
By, 7H8IT7T ) v b L, TOBRENPRIQ) AT

(a) = |

NTMIN

NPRIG) | sy b+ s, (ABLATAE 10,500,
(b) 10&E%5, )
SANNEAL,/ LAST COEERICECHEAATAETRUE(AD L 2T
NPRI # T#H hid TRUE) _
%ﬁ%ﬁ%ﬁ 300°K 71 -8% OD=rr%2RWnhERFALSE( A
A BCC HeEFTRUEOKEITIZ 300°K a—g ©O7F a4 FHN
%)
LIST Zeh vy 7RBREE 7Y T 5E & TRUE
(ABDLAEGTNE TRUE)
SATVE ANKKEY 2+ %7 74 »2)IFE (L ETRUE

(ADTLAETNIEFALSE )
ABEKHEY 2+ &7 74020 HFElr & & TRUE
FETCH (OB SAVE=FALSE)
(AHLAZTHIEFALSE)
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( ENTER )

First jiump

Find the closest correlated interstitial to the migrating di-interstitial

by using an integer function DSQ to calculate the distance squared

Select a jump direction uniformly by using a random number

No o
f&ww—————————<:fermitted jump?:)

Yes

Call LIST]l to write the jump history on file (1) if requested

Call JUMP to translate the elements of the di-interstitial to new

coordinates

Call CENSUS and TPR to provide a listing

For the of the current defect if necessary

next Jjump

No

(jDi—interstitial survives stillz:)

Yes

Yes ‘ '
No (Finished 30 jumps? ) ~( RETURN )

Fig. 30 Flow chart of DINTY program for handling

di-interstitial migration in « -iron at 300°K
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sy — 7Tk

NAMELIST4 z B % e #
ANKEY = ( FETCH=TRUEOEBRCHIAE)
NE R OBE (<500 ) |
(5X,15)
(R(1,1),R(1,2) | R(1~3) ZABEO®K FEE, TYPEQZA, BT
(c) R(L,3), TYPED) | w2 e FEAERICHLTL, 2, 3,CLASS

CLASS(I), NBR
(D,1=1,NE) 27522 —-HROBEH (K50),NBRIZZ 52 52—

(5X,61I5) NEBEROEEIXT Y1210 9y 2KANTA,

MM
DUMMY. | e e
(5X,15) _
@ N FHBEL B2
(012)

s a—TFMTDnTE, Fig. 2820340190, T TETTLMEILCODATH
initialization #LAVWOT, #— FANLATNEROBECELE> T, Fr—
Z() DK WA B O FEBIE, CASCADE/CLUSTER=— FLREBRITK LN DL, MRE
OB FEED 1 D REENIL (0,0,0) ELTWA, T bee OBRFETFERB(ijk)
i, kF NTOEED, TNTHBRICED, —F, foo OBFRFEBEE(it]Hk)
RERICHE B, FIEBICONTOHI—F £y b TTREMRICFL TEF N,

WAL AT, REIOFIECOHAY Y ¥+ O 18%, I 1L0CRLA, F1 -
sk, Fig. 28 O LEICR LA INFOR L HF ) » FHFT, Table 5 Ta~%anneal-
ing= F Ak ELREBIPNT VWD, Yy ¥ 7 - 2 b v 8@B LD, di-interstitialilh
LT, FO 200 FHEFrR£EFAGBRAINL, 2OV v~ 7 - 227 alf, BLOCK
DATAC £ OMOVE(1,J ,KWCARbNS, CZTK= 1% bee, K= 2% fee T, 1Dy
7. ADERT, JREFTOESTHH, FeellW LT 2EOHFRADPSHAHDOT, MOVE
ODIMENSIONIZ(12,3,2)é%-Tn5, AF100H 1 - HRITE, OO 2
— B INPRICLVPHMAINAANAZ A—207) ¥ P PRINTnDE, TNIHKE, 3
~— v BICI, BEEIADLARBO Y2 M, AFOLALEXNTT Y » INLH, HR
L0 CHEREL, FOHE D4 <—v BOIENEGOHE 1 ~— v FTHIGRLA, 2T AREL
ﬁ,JM@*@&%R%@%%T,%@mléﬁﬂﬁﬁ,%@%@%&LkJHUzr#%%
PNTW, 2OV = b OFRIEE, CENSUSKLDEALNAKRBELTY) v INTND,

AT, COANESNARBILONT, Fig. 28256348555, OCTINT, LEIC
ELTHRFEET*BFACBL, REEA 7V r A8t hE, TOBRORKEY x + 54H
BT ) »FAND, TNRETD2R—VEHOARE, HBOE 2~ [ FIORLAZ, BF6 3{E
B ok RBED5 SECR ->TnhH, WNTANTF— ANPRIKEE N, 1 0FBORMAT 7
CORBD VA M AT v INDH, Chd 2—vBDRE, HROE 2 ~— yFRICR
Lk, 35 1 BREAR -Tnbd, RL7) > EANDH202F 9 7B TH, HHFOFZ~
O FHRRLAEL ST AR »TEY, F3_—v2bibLoC, 18, 2 3@EO0ZE
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Lrzos=z—HENETNR9, 2,2/, 1B 2EAOBRFHEF /S22 -FHthth1 7M
E1RICE > TWa, '
WWTFig. 28 D2_—VAFRMFELRINTLELORXFPSTATIRL Y, BFIC63
Bt 5 SECE > ABREHERLAZ VY r ArORBOESNR 7Y v+ 3N, ThiCkE,
FOBROBEAF ., TPCHBRLARBOBES ) » M HNIND (HROF 3 <— ohh
B ), RWTRBOF 62— vIRLAL O, EFM 2T v 7 THRLAKKEEE TH
DRBERT) » A3, BRIECLIST=TRUEDANT— 2, LIST27 8 73 1L
D, AE3IR—vHTHOCRLALIT, RRO v« 7REVTY >+ 3hb, ThbD,
HOBEETE, BUOEBMX Ty 7TH, 43FBOREL, HEOE1—PITRINTWS
EIBORIIPAFELC Y7L, 5 9FORER1BOIMKY v 7L, End Lo
NEFINTND,

R >4 T2 Tk, FO02 (&, Fig. 28 O EFITRLA LS, TWHORMEY = +
OHHIEEDLDT, '

NE, ((R(I1,J),J=1.3).TYPEID,CLASS(D.NBR(I,I=1,NE)
T4 F )RR THEAHAFEIN TS, F11E, Fig. 28 Q1 *—YHTFHIERINTWD
L9, annealing BIOKRMOV A2+ &, Fig. 28 OBBICARINTASH L5, annea-
ling BORKY 2 D FHANDL 7 742 THDE, TNRE, ANT-2OBRCRB~NF 72—
FeDF -2 LB, FhEFEh (715,35X,5HS8TART,15),(715, 35X, 6HF-
INISH,I4)DFORMATT,

NPROB, NE

" (1,(R(1,J),J=1,3),TYPED,CLASS(D,NBRI,NPROB,1=1,NE)

NPROB,NE
D3DOVI— FAEMND, REFOLCHE, Fig, 29 OFREFINTHAL O, o+
v ITRERFELLINAT NS,

42 CASCSRB L XF4.

Fo#, E3ETH, PKA_@%EE#%%E&EP@X%B%@E%@I:% AF—HEy BTER
HE Tk HAxs— FEETHIEHE=2—VF, CASCADE/CLUSTER,MARLOWE K DWnT
R, HIEE 41T, #XF— FBRICHE short—term amnealing ¥k 9 DAIQUIRI
a FROWTHEB L, EECHESIREERE 20558, #HEEEFICPKABKA
THEEL, MTOPKARL VEGNARBREEFERBEML THW DITT, ZOERHOB
Bl CASCADE, /CLUSTER=Z— FT{, 2 28 Ti~/ZMAIN4 (SATURATION) %
BAHLECL VA A, LEL, TOF—F T short—term annealing F2RFR LT
NENOT, BIOPRKARL VbW ARBLEXTOZ > EHIN T D, TTCROPKAMN
RITEINTNDE, THDLLOKOHEBECHTIERF %R -TnbEELLNL, BBHET
X short—term annealing 2% 50T, ZhEEBL TERHETHRAL L 9T, CABCADE
/CLUSTERE DAIQUIRI%*# &L TOASCBRB v 27 a%fER LAk, A& —F
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- KKC = 1 Read an initial random

number IG

rall RSTART to initialize the random number generator RRNUM

Read KC, wrife KKC and perform an imitialization

Call RANGET to get the final

random number and print it

Call MAIN4 (see Fig.36)

No

Yes
(KFIRST = O?DM- Call START for problem initializatiom

Read EMIN, EMAX, XMIN(1~3), XMAX(1l~3)

Select initial conditions of PKA (see Fig.32)

No
Call DING to read input Call MAIN3 (see Fig.33)
Non-normal No
quit Y
5 ~( KLUSTR = 37 = STOP
=]
=7
No No
(" 10F=0 or 1 ?HKLUSTR =37 | Call MAIN3
Yes
Yes

C(LUSTR =1 ?)——Ye—s—- Call MATN3 KKC = KKC + 1

No

Read atomic potential data, if NE+NIP=0, call TCHEK, RESET

and/or WRITEl, and treat collision events (see Fig.

2)

Call MAIN2 {see Fig.10)

Fig. 31 Flow chart of CASCSRB code system
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Yes
‘___Gcosm + 1COSB| + |COSGI >0?)

No

Select an initial direction uniformly over

1/48 space by calling RRNUM

.___J____—s Yes
Eo => 0 7

=2

Select an initial energy uniformly over EMIN~EMAX

Yes

Yes
—6(0+Yo+20> 07}

No

Select initial lattice coordinates {(X,Y)

uniformly over XMIN~XMAX (1, 2)

Select an initial Z lattice coordinate

uniformly over XMIN~XMAX (3)

No

- Yes
~——— CRSIL = FCC ? )——=

Yes

(;X + Y+ Z = even?:) (igil even X,Y¥,Z or all odd X,Y,Z ?j)

No
No

Calculate Xo, Yo, Zo from X,Y,Z

Fig. 32 Flow chart for selecting initial conditions

of PKA in CASCSRB
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BE#TMARLOWE = — FT3RAHHITT, ThERCAEREENH - V27 40A8-
OMARL TN THKRE THR~ 5,

CASCSRB ¥ 27 o HMOEHEORN. Fig. 31 CRlL%, TNl Fig. 1/TRL & CA-
SCADE/CURSTER = — Vi€, KO<0O¥HEA (B ) 2MmTL LA, Fig. 2L 0
B#ALABL O, PRKAOWHRHEEMARLOWE O L O KA BMTENL L S5CL T,
FhbHPKAODHERCDATH, Fig, 32 KRLALS I, CASCADE O7— 2
OCOSA,COSB,COSGR3DLdN00OLE, MARLOWE O 7 — (@O LOG=3DF ¢
AR, 148 OREEZRMASEFCPRAORTFEEBH. RWTE0 >0 TaiTE, A
HOEMIN & EMAX OMC—BREA BT L b M d» ¥— &R, BICCASCADE ©O7F —
Z(@HX0+Y 0+Z0>0 THRANKE, ANTELL NARTERXMIN & XMAX ORICTH
EFN—-BEAMCE IV PEACEE*REE, OB, EEFADAIQUIRI OBRTHEREFOM
BIAEDLHIC, fee @ LTHEMBHRTED LT, bee KX LTRITHHFHRMBEO
BAEB(LORLTWn A, RPELBr—F > RRNUMAFT, RANDUZHA THD, Fig.
31 KRLAE LS IC, DHPEREOADITEENO ENTRY RSTARTY:, 35RACEBE
FbHTABITHERANGET 2R L DITHR - T,

ENTER  Perform an initialization

No CRYSTL=BCC 9 >_§_§_5_,.
Call MAIN32(see Fig. 34) Call MAIN31(see Fig, 34)

Yes :
( ID2(15)=1111 9 ) Cal)l DAIQUIRI(see Fig, 35)

No

y

RETURN )

Fig. 33 Flow chart of MAIN3 of CASCSRB

Short-term annealing ©@&Z®ICHE, Fig. 33 WRLA LS, CASCADE/
CLUSTER OMAIN3 (CLUSTER)THMEL T4 b, CASCADE O ¥ — 20O 1 D205
A11110OBSCDAIQUIRE %4, $FMAIM3ICE, Fig. 34 K/RLAL DT,
KPRINT<ODHNERHML £, ZOBICE, FEEAZ7 VY 7 2 ERNAABRE > 2L
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Y
ODE(l) = 02 }——"—»| Call DING to read input

No

Read defeet list from file (3)

\
Print input, and find and print unstable Frenkel

pairs by calling BUNSTB [FUNSTB] (see Fig.12)
Find and print vacancy clusters by calling
VACCLU [VACCLF] and PRINTV [PRINTF]

Yes
{ KPRINT <0 ?—}— Edit the vacancy list for DAIQUIRI
No

Find mid-points of vacancy clusters by calling HMIDPTV

Find and print interstitial clusters by calling

INTCLU [INTCLF] and PRINTI

KPRINT Edit the interstitial list for DAIQUIRI

=0

Write the defect list on file (&)

Find mid-points of interstitial

clusters and calculate mean

distances between clusters by -—————*(:KSATUR =0 ?:)
¢calling MIDPTI and MEAND

Yes

Read defects from file (3)

and count them

Write defects on file (13)

TAPE = 0

Yes

No ; X Yes
‘———CPI"OCESSEd for all records on file (3) ?

Fig. 34 Flow chart of MAIN31 [MAIN32] of CASCSRE

._7 2__,
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ENTER Perform an initialization

Read, print and check input data by

calling INPUT, INPR and INCH

Yes

( NTMIN >1 ?_)

No

Manage input interstitials and obtain defect list

by calling OCTIN, CENSUS and TPR

Write the current defect list on file (13)

Try to move each defect element for each

time interval and print the result (see Fig. 28)

Yes
-¢?——~<rAll defects have been annihilated? )

No

write the final defect list on file (13)

Call CLEAR to clegr No _CLast problem?)
the defect table

Yes

( RETURN )

Fig. 35 Flow chart of DAIQUI {DAIQUIRI) of CASCSRB
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' Call DING to read input

STOP ' Call EREX for non-normal quit

NSIN=12

Read (NSIN) defect list
and call BTERR to check it

13

NSIN

=)

Write (14) KC
defect list

Read (13)
defect list

Read (12) defect list

: Transfer defect list

KC <07 }—2
!
I Yes
Write (14)

defect list

format from DAIOUIRI

to CASCADE/CLUSTER

Call SPLOT to plot the defect pattern

KSAT = 3

Set the occupancy code in BCC or FCC, determine

defect sites and prepare the occupancy table

Write (13) defect lists

| write the occupancy table on file (1)

RETURN

Fig. 36 Flow chart of MAIN4 of CASCSRB

i74,__
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LBFHETF®, DAIQUIRILI OAHBACHEL, 74 r@CEB, FLTHEAD A4
TORBUEOBEBOTELELZOBREDOY V » EAEBTH, —F, DAIQUIRI &, +O 2
4 727 2EDAIQUI ENIEHDY 7 r—F &L, Fig. 35L& Fig, 282 B
HLEABEIHIT, Fig. 28 ODINFOHEMKL, RSTART %, CASCADE, /CLUSTERI
PG| AMANEABERHNLOTHRWA, A, RV 2 Md, ROMAINATHINL LD
i, 774 2QT~4FVEXNTHEHIND, AP INPUTTIH, DAIQUIRI OF— #(c)%
FETCH=TRUE:( LTHFE 74 2@ b L o9TL A,

WICKCEODERTELMAINATS A%, Fig, 36 ¥ Fig, 17 BT EH2 L
90, KSAT=1¢& OLLTFTIKAVT, DAIQUIRI ¥B57Z WKSAT=1 OBICE, KBEY <
P, KOS 1TWFig, 17 EEBRITT7 v 4 r@0OFH LA, restartDLETHHKC>
2THZ » A0 5Ftr, /4, —ROHEORRTSHLKO<O0TH, KD restart @
77 > A rWKFE, —F, DAIQUIRI %:BAKSATOOEITHE, XY =+ %,KC
<1 TH 7420030634 F VBIRAT, restart OBETILKC> 2T 7 »4 2+ 6
BCDODERTHY, —ROHECRBRTHEKC<0TH, 7 74 rUWIKBCDERTE(,
FOHIT, TN HDAIQUIRI KLDROOLNAXKE) XA P ECASCADE, /CLUSTER®
Wi Em+ s, LT, SPLOTCHRBIEELTRABO A2 - ¥HMEHALTHHLKSAT
3ty tlL, TOHEFig. 17 OKSAT>20OHEEEKRTH L, M ECLY, Fig.
31 DKC OERLIHAECHKNAIBERINL TSS9,

WL, TOCASCSRB v A5 aQhDOANT—22UTICE L5,

g o — 7K
NAMELIST# S & &
1G FRIELE ( restart ORCHMOSTEORRIT Y
o (012) SrANABEEASLTS)
e =0, BOOHEDOBE (restars DEDE 28 E)
(b) (15) =1, 2BBEHET, —EOHAEOCRBE TAWBA
<0, —HOHBEOREOEE (Fig. 31 &8 )
ID10y CASCADE/CLUSTER® ¥— #{(b/ %', DAI -
(¢) 1D 209 QUIRITanneal 34 & 3¢, 1D 2(15)C1111
(15A4) #AN+5A (Fig. 33 828)
(@ CASCADE/CLUSTER OF — £(c)~(f)

CABCADE/CLUSTER Q@i #, 3 20EOM
BETAEONG, MTOF— 2@OXMIN(1~3)~
X0,Y0,20 | XMAX(1~3)DOMIC—&RE KTl bR FEEL, | .k
ERY, ThrbHEINDL (AALAThET T

0 )
CASCADE/CLUSTER®DNWA#, [ETHaTHE,
EOQ BTOF—2(@TEL H5EMIN~EMAX ORMIC—REL

BTRAIND (ANLRTREO0)
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7o — 7R e
NAMELI1ST#4 £ B A £ _ o
COSA EO0&ER, 320HEEPI00DERITHE, 1748031
(e) COSB AR —RELBICL D FAanBBEn S (AL it
COS8G i+ ~T0)

{f)

CASCADE/CLUUSTER® ¥ — £(i)~ (k)

PEKAOD TR »¥ —FHEMBEMIN~EMAX{(eV)T,

EMIN,
EMAX , R BO KT EE (i jk)D i BXMINU~XMAX(), j
(g (XMINI, £ XMI N@~XMAX(2) , k 28 XMIN@~XMAXE) O#
XMAX(D, I1=1,3)| BC—BAHLTnDLETH (EBLAWRIKS 77
(8F10.2) v 2 A= VHRBE) ‘
(h) CASCADE/CLUSTER® ¥— #(1)
(i} CASCADE,/CLUSTER® ¥— Zm~{n
KTAPE CASCADE/CLUSTE®DF—-#(9#% %, KPRINT
NRECRD < 0FAML, ZOBICE, KEEY = £DAIQUIRL
(3 ERECRD /T LA annealing CABDCHEEL, Fhi o >4
KPRINT |@WKE(, A OLE, BeD s 4 7ORKEMOME
KSATUR |BOvxt 75238 LAN (Fig, 348R)
(W DAIQUIRI ©OF —4(a)) ( I1D209=11110L EDOHHKE ]
(1) DAIQUIRI ©OF—2MA#, FETCHAHIK TRUEEL LTH>Tnb
/ANNEAL, | [ 1D208=11110L 8O HBE ) , -
=0, DAIQUIRI Tanneal TAHET, WEERH
ELTORMEE, KC>2 TR7 71 2@0 05,
KC<1 THZ » 4 +r30 b, KCL0 O
LERlliEFENRE Y 7 4 A~ ITE(, £/ CAS-
CADERICERL ZRHY) 2+ & 7 » 4 »IT,
BT EEREERY 74 +»(DICHF (Fig. 36
o] KSAT &’ )
(EE) =1, DAIQUIRI #FERALAZWEAKT, KCK L
577 AnOERALLZODOEBRLERAL
=2, OPRBE»— FAADIND
2, MPABEH— FAIIN, 7 » 11+ QBICEH
n, BFEHRER 7 » 4 2 OCESND
(AALAEANEFO)
NDELX :
NDELY FHAAETNEZTWPRBOBTHAOKFEETANT
NDEL Z LH(HERBROLEBET LT ADLICAENS )
(& ) '
w CASCADE /CLUSTER®7— 2(s)~W (KSAT=00 & &, (WD

"ID1,1ID2,CLATT BAEZ » f vdbFir ]

(o)

. CASCADE/CLUSTER® 7—#{p, )
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He11C3FE LT, SOERNFROIMEORTO 2 OOPKARLLABBHEOAD
OHA—F 29 VT 27%RLTEE, ANF—~ £, 21—, DICHEL, restartTidA
NWOTe), ABATINDL, @ETNTAILTWEWDCT, WFhd 0& A D, 7o 25 a
FTEMIC LY BEND, ) O 7 Ar— TP THEHCASCADE, /CLUSTER ©F - 2 () A
HAINTALH, THHEFig, 31 OPRICRINTHWESTARTTIXT 2Lty bE A
TWwaOT, KPRINT=3 HAREBL T3 L, Zk, NE= 1d CASCADE CLU-
STERD #r— 7{WOF—2Thh, CASCSRBO F— 2()~(DitFig. 31 OhERICHEH
RTWADINGTHEINRAOT, BRIL=FANINTHS, Z1r—T(@DF— 4 B S,
FIETHEEKSAT=2%0O T, MAIN2BOF—2HEFRSHETS S (Fig. 10&L11%8R),

BANATMAINSWTAB L YL BHBRANSINT b, MAINBBOF—23G), (B {5, OO
6@,cAmmnaﬁmUMmR®mu,$£E&7vy&»ﬁ%%f?%kbwﬁbhéw
HEBRGENDARATINT 54, iZ CASCSRBOD ¥~ £2())OKTAPEHS O 2O T
FETHD, T— AHPTHKPRINT0 L LTHDH, 2T FTHFig. 34 O LHIRIN
TWABDINGTREENDLOT, FTOBRE=0ETnb, RWTID209=1111CHENVDAT~
QUIRICAZCT, W . (WAAANINS, TORE, Fig. 31 OEHNOR%EHE > TRST-
ART OBITROIMAINACA D, ROPRK ALK T LB 29 20T, T MAINACA S
IOPCKC=1%ANLTwnE, RnTsZr—7mE@O%h, Z 74 2r0bBTNANT—
ABANITN, THbLEFig. 36 OBRPKTFLADINGTHRINLO T, BIK=4#Esh
Tinbd, KRWTSPLOTHOCTF — 243 A0, #fIETCE = v FLAWDT, 2ROFT 52
- A= FHA o Tnb,

FOBIE, tNE TOHRDIPELEINED, ZAr—THOKSATHEIKA ->TWWhA, TO
EBDF— AMBBBELEY, TNTOTEINWOT, BRENORELRT=2F0 L Tnh, B
WDAIQUIRIEDF— 20ORBITC(HARKCHE -1 L—EOHBORRTHAHLERLTED,
KO restartDOBRBOLEGTY) » P AT BEHIT, ThE TOMRIMAINATY »
4 rWCHEFRI NS, Al restartQEICE, 3 TMAINACA-T7 7 4 29755 BLRETO
HBEREPFRATHOROPEACHTAHARTOOT, KC> 208K, 110K C=1
MBOCF— 2% ANTH L0 AR %,

DIMENS IONH L2 T 4R ICDOWTE, CASCADE/CLUSTERHE S T, £54 7
OELEIBETHEFINFRORAENT 6 0 0 [T AN AL Table 2EFUE T A, DA-
IQUIRIIC DWW, MV L HRBOKE, TE2HLLDAIQUIRI CANT— #(JONE
#2000 RL Tnb,

w7y DWW, 1 1OMEBEICHTAHEERERSK 1 2IGRL A, T&
1208 1=, A3CE1X—JLEERBRAN, PRACOZF AF—(L0.5~3MeV O
MIC—REABTEBENTEH Y, X, Y, ZEENTRETERL75~225 DHEHTRBATWED
T(198,184,219)0MBICE-TWA, TAFM BEABTIL480AKEMAICERIN
Tnd, {161 2081~ F¥E, 8301 ~2~<—vEBRHRLTEHD, K1 2052
N— P AR 3D 2 X~ Y REFICHEL T b, OB 3= J B3I, FR1001 ~-vH
TR L 2R—vHOLETTRHGL THD, K1 203 -V TEHMNFLI0D2 =
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ETﬁiévbnb3«'—-‘)@@_‘1:75*&1‘%%551/(%&733, FNENORMXT » 7 TOXRKEY = b,
TPRAMN—F v HREELTT) > LEVWLIOIRLTES, MR 2OFE L ~—vhbidko
PKARHTARKEARINTEY, BROF 6 — v ORI CEBBOARSHENINT
n b,

AR 7 ArMrTCD2NTH, FOL1,F02,F03,F10,F13CASCADE/CLUST-
ER @&fﬁ]ﬁf; DAIQUIRIDOFO01 ,F02 ,F112% NhZFhF01,F04,F13LAE-T
nhH, F12,Fl4{3TTIRNALOIT, restart OCRDOHEAEFED 7 > 1 2 TH 5,

4.3 CASCMARL ¥ RF 4

MO CASCOSRB ¥ 27 4D CASCADE = — FORDIC, » R4 — B #MARLOWE
a— FTROIOERET - VM2 Fa%, CASCMARLEL TR L2, TO ¥ 27 aHOFE
D% Fig. 37 WARL%, CASCSRB ¥ 27 aTH, Fig. 31 OFHERLEL IIT,
ANF— 2 DRBAREIC, Fig., 2WRLAMAINI®EY, MAIN2 ,MAIN3 &ih B,
s RICK L, Fig. 37 THMARLOW(MARLOWED A4 > - 78 73 A%y 7 r—F v &
LABO)#MoThbMAINSCABL HlEA - Tnd, KL, PKAOCHEREH,
CASCSRB OBLFARIC, AAF—20RAIABAIBLCELLNLOT, MARLOWTH, ¥
OEAHMRFig. 20 TREINTWLMARLOWE R %5, TAabbH, Fig. 38 WLk
5 <, MARLOWT/Z, MARLOWE FOANT—~2BAAHHE, Fig. 37 #THELbIX
PKAOIESEH%*MARLOWE i+ » F L, MAXRUN=0 €L b, Fig. 22 WL;RE N
Twbhxer— FEAROHERADLL I T RZ->TWA, RFMARLOWE © INPUTZ = 275
sll, DAIQUIRICIFALO 7 r 75 20350 TINPUTM e BRI 2 EE L7, Fig. 21
KFEANTWDL INPUT CERPOBEELLTCOBLEBTHEF 2y - VORI RAL LI
% > T\WnAHB, CASCMARLTHEEDT —# [LCOMMONICA > TWADT, TOBHEEZWN,
BiC, Fig. 22 PORAKRECOBH -5 Y DRAND, RENUMEH &L DICLTHY,
RANGEZ = 7 5 4 [dRANGEM: £B % ZBE L TW b, '

DAIQUIRI=— FIC L% short~term annealing DA DI, DAIQUIRIDI/ »—
FIOARF - 2 E LT, REEHEAD? 52 2—~PET DLENS B, T ORI, MA-
RLOW OB TMAIN3 (CLUSTER) @ ThHITAS, ZOBELEZREPORT v 75 4
T3+ 5E50C Lk, +%bYH, MARLOWE OREPORT i, Fig. 27 KRLALOIC, B
KB 7Y > b DrBdD T 75 aThbh, ChEFig, 40 DL, s FEFHMETE
LR TR BICE { £ 51T boe HBCCQQ, fec KFCCQQENIFLT v 75 alCL b it
B, RN TEILOKFEES CHANGEL WO 7o 77 o TRO, ThoORERET 7 v 14~
GIrEL LS Lk, TRICLED, CASCSRBOMAIN3( Fig.33 L 34%8R)NETO
FVEBVWLNLLIC R -TWDH, TADDL, Fig. 345085591, 74 2@00K
ey = b 52BAT, MEL, DAIQUIRIZBTHRICHTORERE 7 v 1 ~+@)ICH { 2%,
DAIQUIRI%Z®&EIZ\VEEICIZCASCADE, /CLUSTER —FO L O 7 7 4 ~+JICFH <,
DAIQUIRI( #7 A~ —#»&EDAIQUI ) $ CASCSRB 7 — FO Fig. 35 TRl 7Ab
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START

Read an initial random number IG

Call RSTART to initialize the random number

generator RRNUM

Read KC, write KKC and perform an initialization

<0

Call RANGET to get the final

random number and print it

J =0
Call MAIN4 (see Fig. 39) KC =07
fe—— — No
KFIRST = Call START for problem initialization

Yes
0?7 J—————
o}

N

Call DING to read input

Call MAIN3

Nom~normal
quit

No

=1

Yes

BD.YQS

No

'a =
—{_KLUSTR

Yes

Read EMIN, EMAX, XMIN(1~3), XMAX(1~3)

[

Select initial conditions of PKA (see Fig.32)

)

Call ICHEK and RESET to check input errors

!

Obtain (X1, Y1, Z1) as PKA pesition

l

Call MARLOW (see Fig.38)

!

Call MAIN3 (see Fig.33)

| Call MAIN3

¥

Fig. 37

Flow chart of CASCMARL code system

KKC KKC+1
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__,.__,. Call MEHLER and INPUTM to fetch the

quadrature and to read input data, respectively

{ STOP }
Call SINGLE and/or EXTRA to read input

(j%nd of file;i)f%—————— Read PKA data and set the initial condition

Calculate PKA direction

Call ORGVST, SLAVST, RANGST, SEQNST, SINGLE

and/or EXTRA for initialize required statistical analyses .

Generate the requested set of displacement cascades

(1 ~ MAXRUN) {(see Fig. 22)

Call SLAVEX, SEQEX, RANGEX, CRGEX, SINGLE

and/or EXTRA to complete the analysis of results

Print the final random number by calling RANGET

{ RETURN )

Fig. 38 Flow chart of MARLOW (MARLOWE) in CASCMARL



Call DING to read input NSIN
- Call EREX for no_n-—normal quit

JAERI-M 8178

i3

=2
NSIN = 12 KC
<1
Read (NSIN) defect list Read (13)
and call BTERR to check it defect list
Read (12) defect list
NSIN = 13 (ke <07 )°
wWrite (14)

defect 1ist

Yes Transfer defect 1list
<0 format from DAIQUIRI
Write (14)
to CASCADE/CLUSTER
defect list
=0

Call SPLOT to plot the defect pattefn

KSAT = 3

Set the occupancy code in BCC or FCC, determine

defect sites and prepare the occupancy table

No
( KSAT = 27 | write the occupancy table on file (1)

Yes

(" RETURN )=

Fig. 39 Flow chart of MAIN4 in CASCMARL
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il
‘_l

( ENTER }— IOPT
Yes
TOPT = 0 fe——( TIILE (20)

'bBcc'?f)

No

Print summary data of a single cascade

Yes

(tTITLE (20) = blank? or KARMA = 10 or ll?ﬁ}

Interstitial No

( TopT = 07 ) ~ Yes Call BCCQQ to find the nearest

BCC , . c
lattice coordinate for the interstitial

Fcc | No

Call FCCQQ to find the nearest

lattice coordinate for the interstitial

’ Yes
TITLE (20) = blank? or NSUBST 0?i>

Vacancy No

Call CHARGE to find the lattice coordinate of the wvacancy

Write (3) TITLE and defect list

Print a list of interstitials if requested

Print a list of escaping atoms, stenons

and focusons if requested

Print a list of improper replacement if requested

( RETURN )

Fig. 40 Flow chart of REPORT program in CASCMARL
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OL@EL T, anneal LAKREE 7 > 1 +QICH,

KAT, CORBERFFCELAROPKAERIE T 2B, Fig, 37T LRI TWEH IS
MAINA4C ALY, ZNHCASCSRB =— VOERAEBMUTH 5, +4bb, Fig. 39
KRl L 9T, restart OBE(KC=2)CR7 » 4 2K, THhEHATH? »1 o
3% HRM Y = P EFlr, TLT—ROHHEOREO LRI, RO restart OFd, Th
7,4 rAICEL, RNT, TORBOA2—2RBECTHEHELAOLT2 6, KOG
BOREETDH, £ LECE, Fig, 36 LERED, REYV A, £ROL O CCOM-
MON € £ b MARLOW® INPUTM~EINLHDT, 7741 rBREAFNLZ N,

COCASCMARL v X7 aQhRWBOANT—2RLUTOLOITE 2 Tnb,

7 o — 7 kU
NAMELIST# B A & &
(a) 16 CASCSRB ©F — #(a)
: (012)
(b) KO CASCSRB © ¥ — £(b
(15
1D 1465
(e) 1D 269 CASCSRB O F — #{c)
(15A4)
CASCADE /CLUSTER®DT—#(c)~(O7H, ERCEAIN IO
(d) CRYSTL & CLATTOA ( #7Z L ICHECKR LD F =z 923 N5HD
THEl SIRLARECAANTHZ E )
(e) CASCSRB © 7 — %(e)
© CASCADE CLUSTERD ¥ — #(i)~W#XH, EBEICEKSATO N
RESETTCHEHLNS
(@ CASCSRB O 7F— #(g
TITLE MARLOWE O 7 — #@7 4, TI1TLEQICHFRHEE
. (20A4) % 'BbBCC ' 'bFCC' 2AN
(i) MARLOWE © ¥— 2K %, TYPEEKTANL, NVAC1,NINT-
SXTAL,/ 1 @ A#E
TYPE .
{j) (TYPEI, I=1,.NTYPE) TAR
(20A4)
(k) MARLOWE © ¥ — £(c)
(1) MARLOWE @ 7 — #(f) ~(o)
oy CASCSRB © 7 — #(i) ~{1)
(MﬁOSKB@f—aMﬁwiIﬁAT#O@&éT%k%Uxb&77
& A rBITELAENT EORDBELA ,
(0) CASCSRB 07 — 20 , {0 (AKX L@TESAT=00¢& 8T, IDI1,
ID2,CLATTARE)

M8 13K, FE11EF-OBMECETL -V -2y b T7T7%8R L%, ThAbDL, &
137K, A1 10MBEREL TARCI IV BENTAR L 2KRINTHWHE PR ADCHH
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SHAEANLTADOT, ERME, »x— F#E%E CASOADE 2 — ¥ O U ICMARLOWE
2 P TR T AL ETH DB, ANF=207r—Tla)~lL, &1 1 LEA—KM, 7o
—~7@D% H® CASCADE, /CLUSTERD ¥— #(c)id, ICHEKT® F =z » 23N ANDT
L TH D, KNTPRKACUHER T HTF — 2e)BANIH, (DB LA, KSAT=2
REICSTART T, v PANRTWHEDTAALTWARAW, TR TFig. 37 OFRICERLNT
NADINGCLARBABRDBKREO T=PBETWND, RNWTF— 2(@LH, TOHBETHPKA
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Appendix 1 Card Setup for CASCADE/CLUSTER to Obtain Stable Frenkel Pairs
in Cu Lattice due to 1keV Cu PKA of 3 Different Direct ions

*

P S L IR R PR RRL IR P IR EL PR RN SRRNY- FRY T PRNRL FYTYL IUNTS FYTEE MR |

TO/TINE 105

’ C2/CORE 128
) : PLO/PCH D
¥5,08  3100035.TA,ASADKA+431,22+FEMMONTC 700331

BOLIED J0O3% . CASCL+GRFD=ONLCOML [BwCALL
SGMT MalN
SELECT RELBINCFTMAINAMAINL1DINGsRADINGeRSKIPBTERREREX yNORMEX1GGGG /!
SET!IXERRURASUNLOAD « [NTFuXINTF 1 SIGNF (MINLF  XMODF + XMAXQF , /
FLOATF +KABSF 1 SORTF JABSF rEXPF s ATANF 4 XXXK)
SGMT MATN1sCHNeMATN
SELECT RELBINCSTART «[CHEK 'RESET WRITELIWR]TE2TARGT L TARGT 21 SCATTR, /
| BEKKEEP+DDDD+PTAB+PTABL«PTABZ 1Bl GI+RANGE « [NT1.INT 24 /
| CLPAIRHADIUSSETIST)
! SGMT MAINZ  CHN=mMA TN
SELECT RELBINC(MAINZ (BTER[T«TSCRT1TS50RT2Z)
SGMT . MAINIWCHN=MAIN
SELECT RELBINCMATNI+BBBS MIDPTY.PRINT! ¢MIDPT!sMEANDDISTS DISTD STORE, /
PRINT 4 5PLOT +GRAPH)
SGMT MAIN31 s CHNwMA N3
SELECY RELBIN{MAINSluAAAA.VACCLU'PRIN1V|lNTCLU-CDHPRV-COHPkI)
SGMT . MAIN3Z+CHNeMAIND
SELECT RELBINIMAIN3IZCCCCVACCLF (PRINTF 2 INTCLF «COMPRY
- SGMT MATNG  CHNmMA TN
i SELECT RELBIN{MAIN4.EEEE)
FIN

BRUN

*DISK FOL

¥D[SK FOZ

ISk FOI

OISk F10
i #DISK F13
| #FD - FT0 DUMMY {DEVDRDA
| *DATA

S5I0Le15+1 KEVY COPPER - -~ : i
S5[DZu1B5«D[RECTION 1

STYPEL« 32 COPPER

STYPE21 3+ COPPER

STYPE33COPPER

SCRYSTLyLsFCC

IPCHG L 2T 129027 1 PMASS o316 BA1ED T 2T T
ICLATTAD, 6i4T|PMAKXn20RELA!r5lKLMDAll
3X0+362,37379Y0:362,37274201362,373
ICOSA0,0L666435,CO58, O-OOGZTTTG-CDSGl 99986110,
JE041000

GKPRINT o2 KLUSTR 1 Z+KPRIMaZ 1 KREPL 424 NE L vKSAT 24

-

H 51D2+15+DIRECTION FH
3CDSA10.011979&91C055IUoOll}lTQTlCOSG!Uv’??GbllU!

5102.15IOIRECTIDN 3
BCOSA.O 0leb45B4+CO58.0, 000G3299.CCSG| VIYIRELLO,

E
ANTYAL 140

R R T N L R AL N T SRR L AN R - PR NS SRR TL PR L S PPRY FERTE PR

TVALS 1 02930005060 Te8a%010e11012:13008015116017+204194204
BIVALS+20me21+22423224425130135,40:04%450+1601T0480490+1004
3TVALS 1 35m215042004 250420041000,

4RGEN 211097310724

YETAPE s O+ KRECRD 0 KPRINT (1 4KSATUR Gy

-1

__9 0 —
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Appendix 2  Card Setup for CASCADE CLUSTER to Obtain Stable Frenkel Pairs
in Cu Lattice due to Buccessive Two 1 keV Cu PKA's with Different
Directions at the Same Position

R T R S PR TR AT T LR L I R R A TR IR FRNNY FETRE PR UL IR |

C,2/CORE 128
T.0/T[ME 108
© P,O/PCH 0

¥GJOB 3100035, T4, ASAOKA 431,22 +FEMMONTC 700331
¥OLIED  J0035,CASCLGRFD=ONCOML [B=CALL
SGMT MA N

SELECT RELBIN(FTM&]N.MAIN;-DING|RRD[NG-HSK]P}BTERR-EPEX-NDRHEIuGGGG- ’
SETTX(ERRORA(UNLOAD s INTF o XINTF o SIGNF yMINLF 4 XMCOF « XMAXDF , /
FLOATF (XABSF «SORTF (ABSFEXPF1ATANF ¢ AXXX)

SGMT MAINL  CHN=MATN

SELECT RELBINCSTART ., [CHEK+RESETWR]TELWR|TE2 TARGTL TARGTZ1SCATTR, /
BKKEEP DOBDPTABPTABLVPTABZ BIGI RANGE 1 INTL4INT2, /
CLPAIR RADIUSHSETIST)

SGMT MA[NZ « CHNmMA [y

SELECT RELBINCMAINZYATEDIT TSORTLTEORT2)

SGMT MAIN3 s CHN=MA [N

SELECT RELBIN(MAINIABBBMIDPTV PRINT[MIDPT [ MEANDDISTS DISTDSTORE, /
PRINT 1 5PLOT,GRAFH)

SGMT MA [NIL . CHNSMA NI
SELECT RELBINCMAINIL AAAA VACCLUWPRINTY INTELU +COMPRY W COMPR()
SoMT MAIN3Z CHNuMA|ND

SELECT RELBIN(MAINI2 +CCCE W WACLLF JPRINTF 1 INTCLF «COMPRY
SGMT MA NG s CHNuMA N
SELECT RELBINCHMAINGJEEEED
FIN

¥RUN

¥DISK FO1

ISR FO2

¥PISK FO2

#DISK F10

¥DISK F13

SFD  FT7B4DUMMY DEVO®DA
$DATA

0
5iD1.15+1 KEv COPPER
5I1D2+15.DIRECTION H
S5TYPEL:3.COPPER
5TYPE2:+34COPPER
STYPE3+3+COPPER
SCRYSTLs1+FCC
APCHGY 29129429 4 PMASS 634063 834ED, T4 T T,
ACLATT 3,634 T PMANXZ+RELAX ¢ 5o ALMDAY L
3XQ+362,3T37,Y0+362.3T3T120+362,373T,
3COSA0,01197989+COSR+0.01158707.C05G10499986110,
3E0.1000,
SEPRINT 1 24KLUSTR2KPRIM1 2 +KREPL ZWNE111KEAT 2
BECOW T TaTHESUB 71747
-

]

4NTVAL 40

BTVALS 11029310956+ T1B19010+12012033114¢15036217418019420,
ITVALS 1 20+21¢22.23424125:30+33440,45:50,60:7043049041004
ATYALS 35a11504200+2%C1 5001000,

4RGEN21109731072

4K TAPE 1Dy KRECRDsO4KPRINT +04KSATUR 1

Y T PN I DL NP M IO B S AR ETL IR ST PR N RRRY

1 i 1 150 250 200 1%C 2%0 200 130 250 200

200 200 200
1

4KSAT 1
SNDELK+DyNDELY 1 OeNDELZ 00
SCRYSTLW1FCC
ACHECK 10
-
51D1¢1%+1 KEV COPPER
SIDZ+15¢DIRECTION 3
5TYPEL1 3 COPPER
STYPEZ + 3 COPPER
SYYPE3Y ) 3.COPPER
SCRYSTL1+FCC
IPCHGL29429+ 29 PMASS 630831 634ED. T4 s Ty
ICLATT 3, 6147 (PMAXK 2 RELAX S ALMDANL,
IX0¥362,3737.Y0:2362,3737¢10+362,3T73T,
3C0SA0,01664584,C058.0,00083299,C05G+0,99986110,
3E0.1000,
GKPRINT 12 KLUSTR+2 (KPR My 2 KREPL12 ¢NEv14K5AT 10
ZECOATA T T+ESUBAT T T

=
4NDELX 4«0 NDELY « "eNDELZ 100

-

8

GNTYAL 60,

ATVALG 1923065164 74819+10+11+12013420515016:1T428:19420,
ATVALS 201 21122423428125430:35.40.4%+50,60:70,804%0.100,
3TYALS+ 35w+ 1501 200+250: 30041000

GRGEN21109731072,

AKTAPE 1D KRECRD 10 KPRINT 0 KSATUR L

L 1 1
200 200 200
=1

150 250 209 130 250 200 130 250 200

— 9 1 —_—
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Appendix 3 A Part of OQutpst Print of CASCADE CLUSTER for the
Problem of Appendix 2

i

ELASTIC COLLISICN CASCADE == FCC LATTICE

1 KEV CORPER
DIRECTION 2

CRYSTAL ATOMS

1 COPPER 2 COPPER
MALS 63, &3,
CHARGE ) 29, . 29,
EJECTION ENERGY T4 - 7.
: PRIMARY ATOM
i COPPER MASS = &3, CHARGE = 29,

PRIMARY ATGM ENERGY
1000.0 ELECTROM VOLTS
TAKE=QFF POINT (ANG5TROMS}
x = 382.37370
Y = 362,37370

Z = 362,37370

TAKE=DFF DIRECTION
COS% ALPHA = Q,01197989 €O5 BETA = 0,011%8707 €05 GAMMA w  0.95%86111

THETA = 0,95456% PH{ = 44,04506%

LATTICE CONSTANT = 3,6187 ANGSTROMS

SCREENING PARAMETER = 1.Q0 POTENTJAL CUTOFF = 2,00 ANGSTROMS

RELAXATION DJSTANCE (SGUARED) = 5,00 COORDINATE UNJTS

CUTPUT OPTIONS
KLUSTR= 2 KPR M= 2 KPRINT® 2 KRLAT= O KRLATw 2 KREPLw 2

DEFECT STATISTICS

INTERSTITIALS vACANCIES REPLACEMENTS
11 9

; COPPER 14
? COPPER 10 12 15
TOTAL 24 23 24

RANGE OF PRIMARY ATOM

5193 ANGSTROMS

COORDINATES OF PHIMARY ATOM AT END OF CASCADE

20z 202 203

PRIMARY KNOCK-0ON ENERGIES (EV)

| COPRER 2 CORFER o
f ) BeBT - 0.0
975,94 0,0

NUMBER OF COLLISIONS RECORDED = 369
! X VOLUME OF DAMAGED REGION = 1.625E+04 C.A.
MAX|MUM PERMITTED VOLUME = 5.66BE+0> C,A.

— 9.2 —
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FCC VACANCY CLUSTER SIZE DISTRIBUTION AND DEPLOYMENT PROGRAM. NMPTTSH

1 KEY COPPER
DIRECTION 2

LATTICE CONSTANT = 3,6147000F+00

RANDOM NUMBER GENERATOR = 21109731072

CONTROL WORDS = XTAPE= O» KBRINT= 0, KODE= O+ KSATURw 1+ KRECHDe 0,
DEFECT SITES« LISTL DEFECT SITES« LiST 2
VACANCIES = 11 INTERSTITLIALS = 14 VACANCIES = 12
201 201 203 202 203 203 210 20% 204
201 201 203 206 208 20s 198 18% 208
207 20% 205 157 18t 20k 198 191 208
189 199 207 202 207 207 198 195 208
202 207 207 183 200 2t 206 203 204
203 203 207 193 208 21l 192 201 212
198 190 709 200 202 212 189 204 212
198 200 20% 200 203 2ly 152 201 21l
202 202 209 209 195 216 191 202 2la
191 203 213 181 o0 L7 199 204 214
189 201 217 185 200 219 198 20% 216
] [+] o] 192 233 219 18% 200 218
o 0 ] 189 201 220 o g o
] o o 16% 214 223 G 0 o}

FCC WACANCY CLUSTER STZE DISTRIBUTION AND DEPLOYMENT FROGRAM NMPTTY

1 kE£Y (OPPER
DIRECTION Z

UNSTABLE FRENKEL PAJRS ~ 5

LAST RANDOM NUMBER = 20300571130
VACANCIES INTERSTITIALS TYPE VACANCIES
185% 200 218 185 200 219 1 189 201 217
201 20t 203 203 203 203 4 191 202 214
192 201 212 195 198 212 5

FCL yACANCY CLUSTER S1ZE VISTRIBUTION AND UEPLOYMENT PROGRAM: NMp T 79

1 KEY COPPEFR
DIRECTION 2

NUMBER OF INPUT VvACANCIES Z2
NUMBER OF UNSTAGLE PAIRS 5
NUMBER OF STABLE VACANCIES 18

TYRE OF CLUSTER NUMBER OF CLUSTERS

1=vACANCY 13
2=VACANCY 1
I=VACANCY L
SINGLE VACANCIES
201 201 205 207 20% 20% 199 193 207 198
191 263 215 10 205 204 198 15% 208 08
190 201 2i4 199 204 2l4 198 20% s
VACANCY CLUSTERS
Z=VACANCY CLUSTER 202 202 207
203 203 207
A=VACANCY CLUSTER 198 132 269
198 189 208
198 191 208

BCC VACANCY CLUSTEH SIZE CISTRIBUTICH ANG DEPLOYMENT PROGHRAM, NMPT&8

1 KEV COPPER
DIRECTION 2

NUMBER OF INPUT INTEWSTITIALS 26
WUMBER DF UNSTAEBLE PAIRS 2
NUMBER OF STABLE INTERSTITIALS 1%

TYPE OF CLUSTER NUMBER OF CLUSTERS

1= INTERSTITIAL 19

SINGLE TNTERSTITIALS
206 208 205 196 18T 206 203 207 207 18%
200 201 212 200 202 21% 209 196 216 181
130 214 225 213 203 197 200  1B% 202 213
197 187 209 209 203 209 19% 186 214 159

— 9 3 —

‘200
203

199
200
208
0%

INTERSTITIALS =
203

214
201 185
213 2c7
183 194
197 188
209 2064
194 138
199 186
189 205
199 204
C o]
o] Q
o o
o a

INTERSYITIALS

189 201
189 204
z20% 202
208 199
211 192
218 192
208 184

1%

10
197
202
206
207
209
209
212
213
214
219

5}

¢
0
]

TYPE

219 3

214 L}
202 20%
20% 212

206 211 -
202 219
198 207
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BCC VACANCY CLUSTER S1ZE DISTRIBUTION AND .DEPLOYMENT PROGRAM, NMPTHE
FCC YACANCY CLUSTER SIZE DISTRIBUTION AND DEPLOYMENT PROGRAMs NMPTI9

1 KEV COPPER
DIRECTION H

DISTANCE BETWEFN SINGLE VACANCIES

COORD, UNITS ANGSTROMS  LATYICE CONSTANTS
AVERAGE DISTANCE  9,6B39E400  1,7502E«01 4, Baz0E+00
AVERAGE M[NIMUM DISTANCE  2,5433E¢0n0 5. 3194E+00 L,4TLTESO0

tOTAL OF COLUMN | T,80000C0E+01
TOTAL OF COLUMN VI

INTERYAL 1 8 e v v ¥l Vil vill 1 S X
1,0 o 0.0 G+0 0l 9.0 o 0.9 00 0,0 0,0
2,0 1 1,2821E=02 1,282LE~07 3,0103E=02 5, 7T748E-03 2 1,538%Em0L  1,3385E=01 6,8209E-02 1,1584f02
3.0 3 3,B462E=0ZF 5,128ZE=D2 3,TE9SE0Z 6,I849E-0) 5 3, M862E=01 9, 3386E=01 6,ZBZ4E=02 1,UALE~0?
4.0 3 3, 8862E-02 3,9T8E~0Z 1,935TE=02 3,2787E=0) 4 3,0T69E=Dl 8,8613E~01 1,3809Er02 &,3TibE=0)
5.0 7 B.9Te4E=0Z L.7949E=Di  2,7I96E~0Z %, 6404E=03 2 1,5383E=01 §,0000E+00 T,8273E=0) 1,3230E~0)
6.0 4 %,1282E=0Z 2,307TE=pi 1,0494E~02 1,T773E-0D 0 0,0 1,000CE+00 0,0 0.0
7.0 3 3,8062E=02 2,692JE-0L 5,6393E~03 9,3532E-04 ¢ 0.0 §,0000E+Q0 0,0 0,0
8,0 % 7.6923Ew02 3.4615E-01 3,47STE=03 1,433TE~03 o 0,0 1,0000£+00 9,0 0,0
9.0 9 1,183gE=0L 4,6154E=pl 9,9013E=0} 1,4TT1E~03 o 0.0 1,0C00E+00 0,0 0,0

16,0 10 1,2B21E=01 5,897¢E-01 8,8093E~03 1,6922E=0) o 0,0 1,0000€+00 9,0 0,0
11.0 4 N,12828-02 &, 4103E-01. 2,8850E~03 6,BH6TE=O4 0 C.0 1,0080E+00 0,9 -]
12,0 6 71,6923Em02 7,1T93E-01 3.60B0E=D3 6,1115E~04 2 0,0 1,000CE*00 9,0 9,0
13,0 & 7.,6923E=02 7,94BTE=01 3,05¢1E=03 5,1732E-04 9 0.0 1,0000E+00 8,0 0,0
1,0 i %,12BIE~02 8,46L15E-01 1,7458E-C3 2,93TOE-04 9 0,0 1,0000E#00 0,0 9,0
15,0 4 ,12B2E=02 B,9744E=01 143136E=03 2,5634E=-04 g 0.0 1,0000E+00 0,0 0,0
16,0 0 0.0 8. 9T44E=01 0.0 6.0 o 0,0 1,0000E400 &,0 040
17,0 3 3,B462E-D2 9,3890E~CL 8,T662E=Ck 1, 4845E-04 0 0,0 1,0000E+00 0,0 0,0
13,0 1 1,2321E-0% 9.4RTZE~0L 2,59TTE=04 4,4002Ew05 9 0,0 1,Q000E+00 0,0 940
19,0 1 1.2821E-02 9.6154E=01 2,3246E~06 3,937TaE-05 e 0,0 1,0000E+00 0,0 0,0
20,0 1 1,2821E-D3  9,T436E~01 2,0923E-04 3,3440E03 0 9,0 1,0000E400 0,0 0,0
24,0 o 0.0 9, T436E=-0L 0,0 0.0 0 0,0 1,0Q00E+00 0,0 8.0
22,0 0 0.0 9,T436E~01 0,0 0,0 o 9,0 1,0000E400 0,0 0,0
23,0 2 2.5641E-02 1,0000E+0C 3, 1433E-04 3,3242Ew05 o 0.0 1,0000E+00 0,0 Gl
24,0 o 0.0 1,.000CE+00 0,0 8.0 -} 1,C000E+00 0,0 8,0
25,0 ¢ 0.9 1.0000E+30 0,0 0,0 0 0,0 1,0000E+00 0,0 0.6
3g.0 o 0.0 1.000CE+00 0,0 0,0 o 0.0 1,0000E+00 0,0 40
3%,0 o G.0 1,06000E+00 0.0 8,0 o 0,0 1,0000E+00 0,0 2,0
40,0 0 0.0 1,0000E+00 0,0 9.0 0 0,0 4,0000E+00 ©O,C [N
45,0 0 0.0 1:0000E+00 0.0 0.0 o 0,0 1,0000E+00 0,0 8.0
50,0 o 0,0 1.00C0E+00 0,0 0.0 o 0,0 1,0000E+00 ©,0 06
60,0 0 0.0 1:0Q00E+00 0.0 0,0 T 0,0 1.0000€+00 0,0 0,0
70,0 o 0.0 1.0000E+00 a0 -] g 0.0 1,0000E+00 0,0 O4b
89,0 o 0.0 1,0000E+00 0,0 0.0 9 &0 1, 0000E+00 0,0 6,0
90,0 o 0,0 110000E+D0 G40 0.0 g 0,0 1,0000E+0C 4,0 0,0
100.,0 0 040 1,0000£400 0,0 0.0 9 6,0 1,0000E+0C 0,0 8,0
158,0 o 0,0 $)0000E+00 9,0 0.0 0 0,0 1,0060E+00 0,0 9,0
200.,0 o 0.0 1,0000E+00 0,0 0,0 o 0,0 1.0000E+00 0,0 a;0
230,0 o 0,0 1,0000E+00 0,0 0.0 0 0,0 1,0000E«00 0,0 2.9
500,0 0 0.0 1,0000E«00 0.0 0,0 0 0,0 1,0000E+00 0,0 0,0
1800,0 ¢ 0.9 1:0000E+00 0,0 0,0 e 0,0 1,6000E+00 €,0 0,0

INFINITY o 0,0 1,0000E+00 - - e 2,0 1,0000E+00 — - ———

BCC VACANCY CLUSTER SIZE DISTH1BUTION AND DEPLOYMENT PROGRAM: NHPT63

FCC VACANCY CLUSTER SIZE DISTRIBUTION AND DEPLGYMENT FROGRAM. NMPTTY

1 KEY COPPER

DIRECTION FH

DISTANCE BETWEFN SINGLE ANR DIVACANCIES

COORD, UNITS ANGSTROMS ~ LATT[CE CONSTANTS
AVERAGE DISTANCE  T,3084E400  1,320GE+0L 3, 6342E+00

AVERAGE MINIMUM DISTANCE  7,30B8E¢00  1,3209E+01 3,6542E400

TOTAL OF COLUMN [ 1,300000CE+01

TOTAL OF COLUMN VI 13

INTERVAL 1 1 1 v v ¥l vl LA -

1,0 & 0.0 0.0 0.0 c.Q o 0,0 0,0 3,0
2.0 o 0.0 0.0 . c.0 g 0,0 0,0 0,0
3,0 2 1,5385E=01 1,3385Ee01 2,5130E=02 4.2%66E-03 2 1,9385E~C1 1.5383E-0L 2,3130€=02
4,0 1 7,6523E-02 2,30TTE-Gl  4,4522E=03 1,092%E-02 1 7,6923E«02 2,307TE=01 &.83228=0)
5.0 1 7.6923E=02 3, 0769E=01 3,7136E=03 4,6291E~04 1 Ti6923E=-07 3.0TH9E i 3,91 )6Eu0)
6,0 2 1,3383E«01 3,61530E-01 3,2469E-03 8,8478E-08 2 1,3335E=01 4,61%4E=DL B3, 246903
7.0 1 7,6973E=02 5,3836E01 1,B79BE=03 3,18A1E-D4 1 7,6923E=02 9,3846€=01 1,87TTNE-D3
8.0 1 7,6923£-02 6,1530E=01 1,4126E=03 2,39Z8E-0% 1 7,6923E~02 6,1330E=01 1,4126E~0)
9,0 7 1.938%E=01 7T,6923F=01 2,2003E=03 3,7270E=04 2 1,5303E=01  T,4923EeC1 2,2003E-0)
lo.¢ o 0,0 T.6923E=01 Q 0,0 ¢ 0,0 T,6923E=01 0,0
1140 1 T.6923E=02 #.4613Ee0l *,212%E-0é 1,221TE~Cé 1 T,6923E=02 8,4613E~D1 7,2523E-04
12.0 6 0.0 a.4815E-01 0,0 0.0 c 9,0 2,4615E=01 0,0
13,0 o 0,0 8,4615%E=01 0.0 0.0 e 0,0 B,4615E~01 0,0
14,0 0 0.0 B, 4615E=01 0,0 0,0 o 0,0 0, 44L5E=01 0,0
15,0 2 1,3385E=01 1,0000E+00 T,5663E=08 1,281TE=08 2 1,538%E+01 1,0000E+00 7,9464E=04
16,0 0 0.0 1,0000E+00 0.0 0,0 0 0,0 5,0000E+00 C,0
17,0 Qo 0.0 1,0000E+00 0.0 8,0 o 0.0 1,0030E+00 ©,0
15,0 o 0.0 1,0000E+00 0.0 0,0 o 0,0 1,0000E+00 ©,0
19,0 o 0.0 1.0000E+00 0,0 &0 o 0,0 1,0000E+00 ©,0
20,0 o 0.0 1,0000E«00 0.0 0.0 0 0,0 1,0000E+00 0,0
71,0 0 0.0 1,0000E400 0,0 0.0 o 0,0, 1,0000€+00 0,0
22.0 o 0.0 1,0000E+00 0.0 0,0 o 0,0 1,0000£+00 0,0
23,0 o 0,0 1,0000E+00 0.0 9,0 8 0.0 1,0000E+00 0,0
24,0 o 0,0 1,0000E+00 €0 0,0 o 0.0 1,0000E+00 9,0
25,9 & 0.0 1,0000E«00 0.0 0.0 0 0,0 1,0000E400 0,0
30,0 ¢ 0.0 1,0000E+00 0,0 0.0 0 0,0 1,0000E+00 0,0
35,0 o 0,0 1,0000E+00 0,90 0.0 ¢ 9.0 1,0000E+00 0,0
40,0 o 0,0 1,008CE«00 0.0 0.0 0 0.9 $,0000E«C0  C,0
43,0 o 0.0 1,0000E+30 . 0,0 8.0 0 0,0 1,0000E«00 040
50,0 0 0.0 1,0000E+0C 0,0 0.0 G 0.0 1,0000E+00 0,0
60,0 0 0.0 1.0000E+00 0.0 0.0 8 0.0 1,0000E%00 9,0
70,0 0 0.¢ 1,0000E+00 0.0 0,0 58,0 1,0000E+00 9,0
80,0 o 0.0 1,C000E+00 0.0 9.0 g 0,0 1,0000E+00 0,0
90,0 o 0,0 1.CO0DE+00 0.0 00 o o,e 1,0000E+08 0,0
100,0 g 0.0 1.0000E+00 0.0 6.0 g 6.0 1,00006+00 0,0
130.0 o 0.0 1.0000E+00 0,0 0.0 Qg 0,0 1,C000E+0C 0,0
200,0 ¢ 0.0 1, 0060E+00 040 0.0 0 0.0 1,0000E+08 0,0
2%0,0 ¢ 0.0 1,0000E+00 040 0.0 e 0,0 1,0000E+C0 0,0
560.0 9 0.0 1,0000E+00 040 0.0 0 0,0 1,0000E+00 ©,0
100040 ¢ 0.0 L1 00006400 040 00 0 040 1,0000E%08 040
INFINITY ¢ 0.0 1, 000GE+00 - — e 0,0 1,0000E+00 —

AL 9 4 —
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ELASTIC COLLISION CASCADE ==

1 KEV COFPER

DIRECTION

3

CHYSTAL ATOMS

JAERI-M 8178

FCC LATTICE

1 COPPEN Z COPPER
MASS 63, 63,
CHARGE 29 29,
EJECTION ENERGY T T
PRIMARY ATOM
COPPER MASS = b3, CHARGE = 2%.
PRIMARY ATOM ENERGY
1G00,0 ELECTRON vOLTS
TAKE=-OFF POINT (ANGSTROMS)
X = 362,37370
Y = 362.373%70
1= 362,37370
TAKE=OFF DIRECTION
COS ALPHA = 0,01664%84  C05 BETA = 0.00083299
THETA »  ©0,954965 PH] = 2,B64602

LATTICE CONSTANT = 3,614T ANGSTRQMS

SCREEN[NG PARAMETER = .00

RELAXATION DISTANCE {S5GUARED) = 5.00 COORDINATE UNITS

QUTPUT QOPTIONS

KLUSTH= 2

KPR M=

DEFECT HIATISTICS

COFPER

COPPER

TCTAL

2

KPRINT= 2

KRLAT

LN KPLAT® &

INTERSTIT]ALS VACANCIES REPLACEMENTS

248
21
49

RANGE CF PRIMARY ATOM

6.45 ANGSTROMS

21
a7

0
io

20

COORDINATES OF PRIMARY ATOM AT END OF CASCADE

203 201

203

FLL VACANCY CLUSTER S1Z& LISTRIBUTION AND VEPLUYMENT PROGRAM,

1 KEY COPPER
DIRECTION

UNSTABLE FRENKEL PAIRS =

LAST RANDQM NUMBER -

154
193
pL- 1)
204
204
202
202
19¢&

VACANCIES
208 207
200 216
189 208
201 208
204 211
200 211
200 215
202 209

1%

31444879730
INTERSTITIALS
194 208 206
19% 201 216
198  1m8 209
204 201 218
206 204 211
206 198 211
200 o0 217
133 202 206

— 9-5 —

COS GAMMA = [,95986111
KREPL= 2
NMPTTY
VACANCIES INTERSTITIALS
198 199 216 198
91 139 213 200 199 214
207 20% 205 203 205 205
199 204 712 199 202 212
193 204 206 191 202 206
190 204 214 192 19% 21l
198 190 209 198 ie7?

POTEMT JAL CUTOFF = 2,00 ANGSTROMS

206

TYPE

WP e
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JAERI-M 8178

FCC VACANCY CLUSTER SIZE DISTRIBUTION AND UEPLDYHEN{ FROGRAM, NMPTT9

1 XEV COPPER
DIRECTION 2

NUMBER OF |NPUT VACANCIES
NUMBER OF UNSTABLE PAIRS
NUMBER OF STABLE VRCANCIES

TYPE OF CLUSTER

1=VACANCY
2=VACANCY
9=y ACANCY

SINGLE VACANCIES

201 201 203
193 201 213
21g 205 208
195 202 210

YACANCY CLUSTERS

47
1%
32

NUMBEK OF CLUSTERS

19
2
1

201
193
198
202

9=VACANCY CLUSTER

2=VACANCY CLUSTER

2=VACANCY CLUSTER

201
201
igl
199

201
202
203
199
201
198
202
200
201

191
191

197
198

20%
213
208
2l2

21
202
203
201
201
200
202
201
200

203
204

19
187

207
207
207
20%
209
209
209
208
210

20%
208

212
712

19%
202
158
19%

199
203
195
204

207
213
208
2le

1%
19¢
08

" 198

BLL VALANCY CLUSTER SI&t UISTWIBUTION AND JEPLUYMENT FRDGRAM. NMP o2

1 KEV COPPER
CIRECTION 2

NUMBER OF INPUT

INTERSTI{TIALS

NUMBER OF UNSTABLE PAIRS

NUMBER OF STABLE

TYPE OF CLUSTER
1=INTERSTITIAL
2=INTERSTITIAL

INTERSTITIALS

49
15
34

NUMBER OF CLUSTERS

32
1

SINGLE INTERSTITIALS

205 2ol 203
193 203 211
209 19% 216
196 198 219
191 191 203
208 199 208

201 139 219

205
208
205
192
193
209
199

INTERSTITIAL CLUSTERS

208
£09
il ]
204
208
204
204

2=INTERSTITIAL CLUSTER

204
2in
21s
219

210
220

19¢
158

196
197

202

196
189
193
188

21%
218

208
213
196
213
202
203

207
211
217
225
205
10

—_ g 6 —

196

181
214
213
199

204
200
203
205

194
202
200
203
207
186

207
213
208
216

211
2i2
ZLa
198
205
214

203
191
199

189
201
203
202
183
298

205
203
198

‘700

203
201
185
194
202

20%
215
210

212
21%
217
207
206
215



Appendix 4

JAERI-M 8178

Problem of Appendix 2

1 KEY CDPPER
OIRECTION 2

A Part of Output Figure of CASCADE/CLUSTER for the

8}]"39 w0 170 180.00  120.00 2000 2000 2000 200 240,00 m.g
B L
2 |8
4 £
8 | 8
g ]
4 a3
8 2
& §
4 . -
8 8
< re .

& . a * - ~
B - uﬂ .m . o
8 a 8
8- g
= - -
*
8 g
f 8
- ’ . =

E - -
g g
g L

% =
g! 8
gl re

b
o
]
-

4 L
| g
74 e T e ———T——7——T 2

1=0.00 166.00 170.00 180,00 150.00 200.00 210,00 220.00 .m0 240,00 250.00

M .

! KEV LOPPER

DIRECTION z .
§ 50.00  160.00 12000  180.00 190.00 200.00 ag.ne ﬂfﬂ | w000 250-0
g Fd
g g
S %
g 8
£ 8
&

'8 g
& 8§
B . I
g g
[=h Fa
= s H

a

- . m a [u] t =

g o ‘o, 8
- =
v £

- ‘U s r
3 ; B
71 R 8
Ed . .

- A‘ B -
8 g
7 E

g

3
5 g
E K

.
[ 4 s ]
i T TTe T T T T T T ¥ T T T T T T

[ I i 17008 160.00 190.00 200.00 210,00 220.00 230.00 240.00 250.50




! KEV COPPER

CIRECTICN 2

JAERI-M 8178

=50.00 ) |5q.oo L )SDI.DO 190.00 200.00 | ‘21q-0ﬂ . ZquDO . 23D“DO th-DO 250.08
24

g : g
g g
£ ' s
& &
8 S
27 Fo
& &
g 8
[= 1 ' e
g 8
& s

4 X . . L
] g
27 a re
~ - A s - ~
| 4 [u) (u] -

Beo W o S
E. | & ‘& o) s & S
2 =
g * g
; & :

i . a L
j=1 & 8
2 ] & ug L=
E g

1 a K

«_‘ & -
gl g
2] =
g s

|

-“ +
2 g
o5 Fo
= =

i L
o o
3 g
o =]
2 2

2
— T 1 T T T T T T T T T e T "71ﬁ'_3_
iEC.or CED.00 17620 18000 190.60 2000 2:0.00 220.00 2300 000 75002
) X
| KEY C2PPER

DIRECTION 2
F50.00  160.OC 170.00 180-00 19000 20c.00  210.00 220.00 | 230.00 2000 0@
> s f "
g : g
g ]
y 2
g g
5 8
g g
&1 §

i . . S
g 8
a2 -E
N * - A ~

b . s Ehhm 4 B

B a
31__ 8o St 2 g
8 o sTR
Sy B 5ot §

B Pal & t
[=] & 8
=1 . a o {2
£ ¥

s
& |
g g
2 : ]
T ! -
g | : B
£] E
g g
2] | g
2 g
al =
5 T T T T v T T T T T T T i}
150,00 | . 190.00 20000 - 210.00 220.00 230.00 240.00 250.00

T T T T
160,00 . 170.g0  (80.00

0 S

" z
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Appendix 5 Card Setup for MARLOWE to Solve 3 Sample Problems

T T S S B N R TLTTREL FEPNE R T P AR RS SR EEL AR FRRRL

C,3/CORE 192
T.2/TIME 1M
w, C0/PAGE a0
PLO/PCH 0

4GJOB 4100035+ TA, ASADKL 431,211 S5LNONLN 700331
¥HL TEDRUN JOOSL, MARLOWTS
¥DATA

SAMPLE DATA SET 1, 4 STQPPING CROSS=SFCTION CALCULATION,

AXTAL NTYPE=Z,TYPE='CU' ¢ 'H 1, Zw29D04100,wa6X,54D0 1. 00TITO0ALAT=341D0,
SURFCE™TF ¥

* . #SURF RsonT-ﬂDo-DUD.lDO-AXISA'XDD-ODUvﬂbcrﬂx|SBBODleDDIODO-SIDEA-ZDO'

SIDEB=2D0 ¥

#MODL Re-zoo~2on»Evlsp-ins‘oou-swu!?-xoo.lon-Tlutai-r ¥

¥OUTP INFORM(2)=T ¥

¥PROJ PRIM=T FLOGE20.LATPE2 EK|Pel1D3 MAKRUN=LD00 ¥

¥PROJ EK|P=lD2 ¥

C,3/C0RE 192

T,2/TIME 1M
W, 0/PAGE 40
P, O/PCH v]
¥G.08 310003574, ASACKA A 3L, 211 55LNONLN 700331
¥HL IEDRUN JOOS L, MARLOWTS
SDATA

SAMPLE DATA SET 2. SPUTTERING OF HEXAGUNAL *CU* BaSAL PLANE.
WATAL Nyva.;,Nsleu-gqpn.o.1YPE-zw'CU'.'AR"l-2|29.‘1!.-W-2l63.5ku39.908-
hLATIZ-5551?101“!4-“?74527111“-lTQECE&QTrvPRlT-SURFCE-T-T|l

1 1.0 0.0 g0 1 9.3 ' 0.8 HCP 0010
1 o, -0,5 6,0 1 =0,5 0.5 o,n HeP 0020
1 =05 -0.5 0,0 1 =10 0.0 0.0 HCP 0030
2 0,0 ~0,33333333 0.5 Fi 0,3 0,16466667T 0.5 HCP 0040
2 0.0 ~0,33333333 =0,% 2 =08 0,16666667 0,4 HCP 0050
2 0,5 n,l6666667 -0,% 2 =0.3 0,16646667 =0.5 HCP 0060
2 1.0 =0.33333333 0.5 H 1.0 -0.33333333 =0.% HCP Q07O
2 ~1,0 -0.33333333 0.4 2 -l,0 =0.33333333 -0.5 HCP 0080
2 0,0 0,66666667 0.5 2 0.0 0,66R6666T  =0,5 HCP 0090
1 8.0 0.0 140 1 0,0 0.0 1.0 HCP 0100
2 1,¢ 0.0 0.0 2 0.5 0.5 0.0 HCP R110
2 [ -0.% 0.0 2 -0 0.5 0.0 HCP 0120
2 =0,5 0.5 0.0 2 =10 0.0 0.0 HCP 0130
1 9,0 0,33333333 Q.9 1 0. =0, 1666667 0,% HCP Oléo
1 6,0 0.33333333  =0,% 1 =0,5 0, 16666667 Q.4 HCP Dl30
1 0,5 =0,1b6b666T  ~0.9 1 -0.5 =0, 16686667 =0,8 HCP G160
1 1,0 0.,33333333 Ul L 1,0 0,3333333) D, HCP OLTO
1 -1,0 | 0,3333303) 0,8 1 =10 0.3533333)  ~0,% HCP Q180
1 0,0 “0.6bbb6bLET DY i 0.U =0.6b666GET =05 HCP 0190
2 0,0 0,0 1.0 2? o,n 0.0 =1,0 HCP 0700
$SURF REQRT=000.0D0100 A% SARLDU,ODO (ODO»AX|5Bmrll0 100100015 IDEARIND,

S1DER=LDODEPTH=B 35D ¥

§VPAR apARtl.1)-7380-4.anAR(1.2>-73aD-u.aFAR(2-zl-TJBD-a.aPAH(1.3>-39159-5.
BPAR(2+33=8916D=5+¥

¥MODL RAm6D~1:9D=11EDISPeI#SD0EQU[TuIWID0¥

WOUTP [NFORMmF +3#T,F T«DRNG=0,333553391,¥

$XTRC PH]A=ODOPHIB=ED L EBOX=300D. ¥

WPKOJ LOG=20sLAIP=3 EKIP=iDIMAXRUNRLG

....c....1....-....2....»....3....-...;a....*....5....-....6....-....7....0....5

C.3/CORE 192
T.0/TIME 105
w.07PAGE &0
P.O/PCH »)

¥G.J08 3100035 TAL ASAOKA 431 .22 FEMMONTC 00331
¥HLIEDRUN JOOS51,MARLOW?S
FPATA

SAMPLE DATA SET 3, DISPLACEMENT CASCADES IN COPPER,
AXTAL ALAT-3G3.61aTDGvNTYPE-L-NE[GH-lG-TVPE-'CU‘|nI§3|5HDO|£-2900.VDR-T|!

i 0.3 0.5 0.0 1 0,5 =0.5 0.0 FCC 0010
I i =0,5 4.5 0.0 1 -0,% =05 0.0 FCC G020
1 0.5 0.0 0.3 1 A5 Q.0 =0.5 FCC 0030
1 ~C.5 . 0.0 0.5 1 =05 0.0 0,3 FLC 0O40
1 0.0 0.5 0.5 1 0.0 0,5 =0.5% FCL 0050
1 0.0 =G.5 0.5 1 0,0 -0, =0,5% FCC 0060
1 1.0 0.0 040 1 =1.0 0,0 0,0 FCC 0070
1 0.0 1.0 0.0 1 9.0 =1.0 Q,0 FCC D040
= 1 0.0 0.0 1.0 1 0.0 0,0 -1.0 FCC 0099

¥WPAR BPAR{L 1)=738D=41¥

WMDDL RB=02D=262D=2+EL[SP=7D0 EGUITRTOD EBND=T, OLOY
$OUTP INFORMEBG#T . INFORM(8)wT+DRNGE25D=2¥

¥PROJ MAXRUNRD LOGeOEK 1P =103+ THA=13.4900+PHI=13,3700%
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i Appendix 6 A Part of Output Print of MARLOWE for the Transmission Problems
of H Atoms I ncident on Cu Crystal Surface

MAR| OWE RINARY COLLISION CASCADE STMULATION (VERSION 10} DATE To=09=25%

COMPUTER MODEL FACOM=TS
BESCRIPTION OF THE CALCULAT [ONAL MODEL
SAMPLE DATA SET 1, A STOPPING CROSS=SECT[ON CALCWLATION,
CRYSTAL LATTICE CONSTANTS (ANGSTROMS) 1,0000000 1,0000000 1,0000000

UNITS USED IN REPCRTING RESULTS

ATOM AND $ITE LOCATIONS ARE [N ORTHORMOMBIC CELL EDGES,

DIRECT[ONS ARE PROPORT[ONA_ TO MILLER [ND|CES,

LENGTHS ARE IN UNITS OF LATTICE CONSTANT 1,

ATOM  TYPE CHARGE MASS (AMU) ATQM  TYPE CHARGE HMASS CAMUY
cu 1 29,000000 63, 340000 H H 1.0800000 1,0079300

THE CRYSTAL [5 INJTIALLY PERFECT,

DESCRIPTION OF THE CRYSTAL SURFACE

DIRECTION OF [NWARD NORMAL .0 8,0 1,0260000

CIRECTION OF SURFACE AXIS A .I. coogono ¢,0 0.0 LENGTH  2,0000000
BIRECTIQN OF SURFACE AXIS B 0,0 1.0000000 0.0 LENGTH  2,0000000
SURFACE COORDINATE POINT 0.0 ¢,C 0,0

X o THE TARGET CRYSTAL HAS ONLY ONE SURFACE,

THE INTERATOMIC POTENTIAL
VRIS (CZCIINZLUIwES#2) FRINCOASRENP (=0, 30nR/BI ¢ 0, IFUEXP (=1, 20/ /03¢0, L OREXP (=4 DAR/BY)
THE YALUES OF B ARE IN ANGSTROMS
rrs o ATOMS y e ver s ATOMS .40, von ATOMS, , L
€4 1 e+CU 1 c.aboulzeb-m U L eH 2 c,uo_mo: H 2+H 2 0.2083933Y

MARLOWE  BINARY COLLISION CASCADE SIMULATION C(VERSION 103 . DATE TH=0%=33

THE ELECTRON|C ENERGY LOSS FUNCTION
BER.E}=(FKPSORTLEY F (PIoFRna2} I #C DASSEXP (=0, JOR/FRY
THE uan OF FK ARE SERT{EV}s(ANGSTAOMS##2), THE VALUES OF FN ARE [N ANGETAOMS,
crerATOMS, 4\, FR rarnATOMS 4y K ”m
Cu |+« QU 1 24 ?4156&5 0,96061529D~C1 M 2+ 1 1,04L3908 04336311003
CU 1 +H 2 0.2?9?0#?3 ﬂ.l!&l!@u! H 2+ H 2 0,42822033 0,29513257

THERMAL VIBRATIONS ARE NOT INCLUDED,

SEARCH CYLINDER RADIUS

ABUVE REPLACEMENT THRESHOLD 2.0000000 BELOW REPLACEMENT THRESHOLD 2.0000000
MAKIMUM DISTANCE BETWEEN "SIMULTANEOUS' COLLISION POINTS.
BEFORE 'TIME" CORRECTION ©.30000000 AFTER 'TIME' CORRECTION 0,23000000

INTTIAL MINIMUM SEARCH DISTANCE Q,:10000000

MAXIMUM ENERGY | 0SS IN CHANNELING 1,0000000 Es¥y
UP TO 100 COLLISIONS ALLOWED EACH STENON,
MAX[MUM ENERGY. RETAINED IN REPLACEMENT SEGUENCES 0,10000000 E.vu

UP YO 10 REPLACEMENTS ALLOWED PER SEALENCE,

DISPLACEMENT PROJECTILE CUTOFF TARGET BIND|NG
ATOM  TYPE THRESHOLD (E¥ .3 ENERGY (E.¥,) ENERGY (E1¥y)
c 1 100000,00 1,0000000 [N
W ? 0,0 1,0000008 0,0

CALCULATED TIME INTEGRAL USED
i PROJECTILE MUST MOVE FORWARD
i FORWARD SEARCH USES TARGET S]TE POS[TION
RADIAL SEARCH USES TARGET SITE POS|TION
- TARGET MOVES BEFORE DEFLECTION Dt:CURS
INELASTIC LOSS APPLIED 1IN CM SYSTE
STOPPED CASCADE ATOMS ARE NEVER TARGETS
LOST PROJECTILES (KARMAw#e) ALLOWED
SCATTERING ALTERS SIMULTANE[TY

NO [NDIYIDVAL CASCADE OUTPUT HAS BEEN REGUESTED,

INITIAL vaLUE OF RAN = 131073
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MARLOWE RINARY COLLISICN CASCACF SIMULATION (VERSION 102 DATE T8=09=23

1000 PRIHARY PROJECTILES WiLL BE SELECTED FANDOMLY USING  LOS= 20

DESCRIPTION OF INCIPENT BEAM (ANGLES [N DEGREES)

AZ{MUTHAL ANGLE 0.0

POLAR ANGLE 0,0 HALF=WIDTH 0,0

ONLY THE PRIMARY PROJECTILE ¥ILL BE FOLLOWED,
TARGET DISPLACEMENTS ARE ALLOWED,

PRIMARY RECOILS ARE H (TYPE 2) OF INITIAL KINETIC ENERGY

1000, 0000 EVe

STATISTICAL ANALYSIS OF SOME QUANTITIES DER]VED FROM 1000 CASCADES

MEAN sTD, DEV, PERCENT
NUMBER QF
COLLISIONS D,79900 0.40075 0,156
ATOMS ]NVDLVED 41,0000 €, 712%0p=09 0, T1290D=07
VACANCIES REMAINING 0.0 0.0 0
INTERSTITIALS REMAINING 0.0 ¢.0 -3
PROPER REPLACEMENTS 0.0 0.0 0,0
IMPROPER REPLACEMENTS 0.0 0.0 0,0
ATOMS ESCAPING FRONT SURFACE 0,100000=02 0.3560TDwgl 140,71
ATOMS ESCAPING BACK SURFACE f 0, '
STENONS 0.0 0.0 0,0
LONG REPLACEMENT SERUENCES 0.0 €0 0,0
REDISPLACED CASCADE ATOMS 0,0 0.0 0,0
LOST PROJECTILES 0,99900 €,316070=01 Soledy
DISPLACEMENTS (HARD COREY 1,0000 0, 712900=09 ©,T1290D=07
ENERGY (E, ¥.} . .
[NELASTIC LOSS 1,%27% 2.9931 158,24
REMAINING KINETIC M. S 199
SUBTHRESHOLD LOSS 3. 041 182,01
BINDING LDSS ) ' ' 0 o
CARRIED THROUGH FRONT SURFACE 0,92017 29,004 60,7
CARRIED THROUGH BACK SURFACE 0.0 ' o0
CARRIED By REDTSPLACEMENTS 0:0 0,0 0.0
RED1SPLACEMENT THRESHOLD 0.0 o.C 0,0
REPLACEMENT THRESHOLD 0.0 0,0 0,6 -
AVATLABLE FOR DAMAGE 997,15 29,155 EMTIT)
CARRIED BY LOST PROJECTILES 296,76 3.9 3109
D1sp ACEMENT EFFICTENCY 0«0 040 -]}
TIME (SEC.. FACOM=T3} IN
EVENT 0,2%300 0,428%0 116430
SEARCH 0 0.0 1
SKATR 0,24300 Ced20%0 174,50
ORG )V 0,0 0.0 e

MARLOWE BINARY COLLISION CASCADE SIMULATION (YERSION L0}

DATE Te=D9=2%

1000 PRIMARY PROJECTILES Will BE SELECTEC RANDOMLY USING  LOG= 20

. DESCRIPTION OF INCIDENT BEAM (ANGLES IN DEGREES) .
POLAR ANGLE 0.0 AZIMUTHAL ANGLE ©.0 MALF«W]OTH 0,0

ONLY THE PRIMARY PROJECTILE WILL BE FOLLOWED,
TARGET DISPLACEMENTS ARE ALLOWER,

PRIMARY RECOILS ARE H (TYPE 2) OF [NITIAL KINETIC ENERGY

100.,00000 j .

STATISTICAL ANALYS|S OF SOME QUANTITIES DEAIVED FROM 1000 CASCADES

MEAN STD, DEv, PERCENT
NUMBER OF
COLLISIONS 0, 80000 0, 40000 30,000
ATOMS INVOLVED 1.0000 0, T12900=0% 0,T12900=07
VACANC]ES REMAINING G0 ] a0
INTERSTITIALS REMAINING 0.0 0.0 0.0
PROPER REPLACEMENTS a0 0.0 0
|MPROPER REPLACEMENTS 0.0 0.0 0.0
ATOMS ESCAPING FRONT SURFACE 0,80000D=02 0 49004D=0] 11136
ATOMS ESCAPING BACR SURFACE ' ' 2,0
STENONS 0.0 G0 0.9
LONG REPLAGEMENT SEQUENCES 0.0 0.0 0.0
RED[SPLACED CASCADE ATOMS 040 g0 040
LQST PROJECTILES 0.99200 0 290840m01 19403
OESPLACEMENTS (HARD CORE) 1,0000 0,712900=09 0: 71290007
ENERGY (F4 V.)
INELASTIC LOSS 443072 0. 38T 129,84
REMAINING KINETIC 0,562 8, 9262 9:034
SUBTHRESHOLD LOSS ¢,23409 0. 43593 524,99
BINDING LOSS e 0,8 2.0
CARRIED THROUGH FRONT SURFACE 0173306 L FEL2 Y 1113
CARRIED THROUGH BACK SURFACE 0,0 v 0,0
CARRIED By REDISPLACEMENTS -I7] 0.0 0,0
REDISPLACEMENT THRESHOLD 0.0 Q.0 0,0
REPLACEMENT THRESHOLD 10 £ 0.0
AVAILABLE FOR DAMAGE 98, 81% §,3711 118714
CARRIED BY LOST PROJECTILES 98,362 0,922 9,0568
G15PLACEMENT EFFICIENCY 0,0 0,0 0,0
TIME (SEC.+ FACOM=TS) IN
EVENT 0.28800 Do42283 157i23
SEARCH 0,0 0,0 )
SKATR 0,28800 Q45283 137,23
ORGIY 9,0 0,0 0,0
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Appendix 7 A Part of Qutput Print of MARLOWE for the Sputtering Probl em
due to Ar Particles Incident Normally on Cu Crystal Surface

MARLOWE BINARY COLLISION CASCADE SIMULATION (VERSION 10} DATE TB=09=09

COMPUTER MODEL FALOM=75
CESCRIPTION OF THE CALCULATIONAL MODE|
SAMPLE DATA S5ET 2, GSPUTTERING OF HEXAGONAL 'CU! BASAL PLANE,
CRYSTAL LATTICE CONSTANTS (ANGSTROMS) 2.9%61910 A, 424827 &, 1782428
UNITS USED IN REPORTING RESULTS
ATOM AND SITE LDCATIONS ARE IN ORTHORHWOMBIC CELL EDGES,

LIRECTIONS ARE PROPORTIONAL TO MILLER INDICES,
LENGTHS ARE [N UNITS OF LATT[CE {ONSTANT 1,

ATOM  TYPE CHARGE MASS rAMU) ATOM  TYPE CHARGE MASS (AMU)
! )] i 2%,000000 €3, 540000 cu 2 25,000000 &3, 340000
| AR 3 18,000000 39,9a8000

DESCRIPTION OF CRYSTAL

NETGHBORS OF CU ATOM (TYPE 1} :
I3 ATOM  TYRE X v :

: ATOM TYPE X ¥ )

cu 1 1,0000000 0,0 8,0 cu 1 0,50000000 0, 40000000 0,0

<] 1 0,50000000 =0, 50000000 2.0 cu 1 =0,30000000 0, 50000000 0,0

cu 1 =0,50000000 =0, 50000000 0,0 cuy 1 -1,0000000 0,0 0,0

cu 2 0.0 ~0,33333313 0, 50000000 cu 2 0,50000000 0, 14400047 oy y
! v 2 0.0 =0,3333332 =0, 50000000 cu 2 =0,5000000G 0,3 1 I
; u 2 0,%0000000 0r16648667 =0, 50000000 cy i =0,50000000 O, 18666867 -0y
i v 2 1,0000000 ~0, 33333538 0,50000000 (1] 2 1,0080000 =-0; 15333533 =0y 3OODPOO0
: cu 2 «1,0000000 =0,3333333) 0,50000000 4] 2 =1,0000000 g, 33353533 i1y $0000000
! [ 2 0,0 0,66666667 ©,30000000 v 2 0,0 O, bbbbbbeT =, 30000080
i v L 00 0.0 1,0000000 L4V 1 0.0 9.0 wi § DOVOON:
; NEIGHBORS OF Cu ATOM (TYPE 2)

ATOM  TYPE X z ATOM  TYPE x ¥ z

v 2 1,0000000 0,0 4] 2 0,50000000 0,30000000 040

<] 2 0,%0000000 0,0 cu 2 =0,30000000 0, 50000000 0,0

W 2 ~0.50000000 =0, 50000000 9,0 cu 2 =1,0000000 0,0 'Y

Cu 1 0,0 0,33333333 o, 50000000 cu 1 0,50000000 =, 16600647 ,,Sm

[ 1 G0 0433333333 -0, 30000000 cy 1 =0,5000Q000 =0, 14b6864T -

v 1 0,30000000 =0,56666667 =0,50000000 [ 1 =0,%0000000 w0, 15hebieT -y

cu i 1,0000000 0,33333133 0, 30000000 cu 1 1,0000000 0, 33333333 -_a,m

cu 1 =1,0000000 0,333333%) o,50000000 cu 1 ~1,0008000 0,33533333 0y 50

v i 0,0 =9, bUbebesT 0, 300060080 cu 1 0,0 0y hbbbEeeT 0 30000000

o HEN ) 2.0 1,0000000 €U 2 0.0 0.0 218000000

- THE CRYSTAL 15 INITIALLY PERFECT,

MARLOWE  BINARY COLLISION CASCADE SIMULATION CVERSION 100 DATE T8=09=09

DESCRIPTION OF THE CRYSTAL SURFACE

DIRECTION OF [NWARD NDRMAL 0,0 0,0 1,0000000

DIRECT[ON OF SURFACE AK[S A 1,0000000 0,0 9,0 LENGTH  1,9000000
DIRECTION OF SURFACE AXIS B =1,0000000 1,0000000 0,0 LENSTH 10000080
SURFACE COCRDINATE PO[NY 0,0 0,0 0,0

TARGET CRYSTAL THICKNESS §,3300000

THE INTERATOMIC POTENTIAL
VERIWCLZCIINZ CIISERRD) FRYNCO, IISEXP (=0, J0%R /D) 40, ASHEXP (1, 28R /D) +0, 108EXP (=6, 00A/8))
tHE VA_UES OF B ARE N ANGSTROMS

12 st ATOMS, ot 8 voeaTOMS, oy B 2 he ATOMS 40y 8
tu 4+ €U 1 0,738000000-01 €U L +#¢y 2 ©,738000000=01 U zety 2 0, TNV
Cu 1+ AR 3 0,39160000D=01 €U 7 + AR 3 0,B91800G00~0L AR 3+ AR 3 D 11763408

TWE ELECTRON[C ENERGY LOSS FUNCTION
'O(R-E)i(FKuSORYtE)IIPIQFF-¢2))oo.oAllEthao.J.a/FR)
THE unérs OF FX ARE SERTCEVYe(ANGSTROMS®#2}, THE VALWES OF FR ::E TN ANGSTROMS .
L3 FR FR

ceroATOMS . 44, . Ve s ATOMS 4y
I QU olecu 1 2,7415643 ¢, 73800000D=01 cu v o1 2,TA10443 0, 730005000=01

AR 3 e Cu L 2,0608026 5,291600000=01 o1 +Cu 2 2, TALSBAS
| U 24V 2 2,TH15645 0, 73300000001 AR 3 e cCy 2 2 0000024 ¢, 091400000=01
i CYy 1+ AR 3 7,119523% 0,89160000D=C1 Cy 2 + AR 3 2.11932%% 0, 891400000=01

AR 3+ AR 2 1,.9821118 0,11261408

THERMAL vIBRATIONS ARE NGT [NCLUDED.
: SEARCH CYLINDER RADIUS
ABOVE REPLACEMENT THRESHOLD 0,60000000 SELOY REPLACEMENT THRESHOLD 0, 90000000

MAK{MUM DISTANCE BETWEEN ISIMULTANEQUS' COLLISION POINTS
BEFORE *TIME! CORRECTION D, 19360334 AFTER 'TIME* CORRECTION ©,%78017608D=01

INITIAL MINIMUM SEARCH DISTANCE 0,39120707D=01

MAX IMUM ENERGY LDOSS [N CHANNEL ING 1,0000000 €V,
WP TC 100 COLLISIONS ALLOWED EACH AETENON,

MAX[MUM ENERGY RETAINED IN REPLACEMENT SESUENCES @,10000000 Es¥s
ur 10 10 REPLACEMENTS ALLOWED PER SERUENCE,
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MBRLOWE AINaRY COLLISION CASCADE SIMULATION (VERSION 10) DATE Ta={9«04%
nTSPLAGEMENT PRRJECTILE CUTOFF TARGET BINDING
ATOM  TYPE THRESHOLD (E.¥.) ENERGY (E.v.) ENERGY (E.V.)
cuy 1 %, 0000000 5.0000000 0.0
<u 2 3,0000900 5,0000000 €.0
&R 3 +, 0000000 5.0000000 0.0

CALCULATED TIME [NTEGRaL USED
PROJECTILE MUST MOVE FORWARD
FORWARD SEARCH USES TARGET SITE POSITION
paniaL SEARCH USES TARGET SITE POSITION
TARGET MOVES BEFOME DEFLECTION OCCURS
INELASTIC LDSS APPLIED IN CM SYSTEM
STORPEDL CASCADE ATOMS ARE NEVER TAHGETS
1087 PROJFCTILES TERMINATE JUB
SCATTFRING ALTERS SIMULTANE[TY

va [KD|vIDUAL CASCADE OUTPUT HAS BEEN REQUESTED.

InITAL VALUE OF RAN = 131975
10 PRIMARY BROJFCTILES wilL BE SELECTED RANDOMLY USING L0G= 20
NESCRIPTION DF INCIDENT BEAM (ANGLES [N DESREES)

POLAR AnGLE 0.0 AITMUTHAL ANGLE 0.0 KALFwW|DTH 0,0
PRIMARY RECOILS ARE A% (TYPE 3) OF [NTTIAL €INETIC ENERGY 1dDO.UOUﬂ E-v.
wak|OwWE BINARY COLLISIAN CASCADE SIMULATION (VERSIDN lo) DATE 78=0%=09

SYAT[STICAL AvALYSIE T SCME JUANTITTES DERTWED FROM 10 CASCADES

MERN 57D, DEv, RERCENT
NUMAER OF
COLLIS10NS 329,40 108,15 32,832
ATCHMS INWOLVED 117,10 36,968 33.10%
VACANCIES REMAINING $T.940 15,401 26.61%
INTERSTITISLE REMAINING &9, 700 1%.60% §0,98%
PRGPER REPLACEMENTS 58,400 24,068 42,582
|MRROPER. REPLACEMENTS 0,40000 q,a8990 122,47
ATOME ERCAP NG FRONT SURFACE 4,2000 2.58l12 60,982
41OMs ESCAPING BACt SURFACE 5,0000 2.7928 55,837
STENDNS 0.0 0,0 0,0
LONG AEPLACEMENT SERUENCES 3.0 .0 2.0
RED|5PLACED CASCADT aTpM$ Q.0 0.9 9.9
LOST PROJECTILFS 0,9 Q.0 o, 0
NISALACEMENTS (WaRD ZORE) 41,509 18,221 29,423
ENERQY CE. Vi)
INELASTTC LOSE 74,230 Tib2ba 10.27s
REMAINING KINFTIC 128,37 42,693 33.238
SUBTHRESHOLY L0568 wBe, T2 lal, 23 29,083
BINDING LUSS 0.0 Q.0 0.0
CARTIED THWRCIIGH FRONT SURFACE 69,871 Bl.3sl sa.uTR
CARRTED THROUGH nale SURFACF 240,00 198,28 52,332
CARRIED &Y REDISPLACEMENTS 1.9 0.0 c.0
RES|SPLACEMENT THRESHOLD 0.0 0,6 0.0
REPLACEMENT THREGHOLD 217,93 287,99 132,15
AYBILAALE FOR-NawAGE 61%.09 182,21 29,523
CARRIES v D57 PROLECTILES 0.0 2,0 0.9
DISPLACEMENT EFFICIERLY a,951%7 G,63082p-01 6,6293
TIME (SEC.1 FACOMTSY IN
EVENT . 1048.3 Sh4. 12 48,090
FEARCH 891,30 329.79 aY,706
sKATR 119.30 T3,9%% 61,990
ORGIV 0.0 ¢, 0 0.0

STa?|STICAL ANALYSIS UF HEPLACTEMENT SEQUENCES

MEAN STD DEV
TSCLATED REPLACEMENTS 18,900 Ty3825
SEMUENCES OF LENGTH 2 11.%0C 35887
SEQLENCES JF LENGTH 3 1.1000 1,3788
MARLOWE  BINARY COLLISION CASCADE SIMLaT DN (VERSION 1O) DATE T8-09=09
TCTAL t 1 I n. 4 1. 0. Q.1
MEAN STD DEV MEAN ST DEY MEAK $T0 DEv
0.30000 n,43828 ©,20000 0,40000 0.10000F+00  0.30000
0430000 0,68031 0,20000 0,60000 0,100C0F+00  0,30000
0.10000E+00  0,39900 0,10000E«0C  0,30000 2.0 0.0
¢.,20000 3,40000 8,200n00 9,50000 0.0 0,0
0.,32000 Q. 64031 0,0 0. Q. 30000 Q,640%1
o,0 0,0 0.0 .0 0.0 2,0
0,100C0E+20  0,30000 £.10M0JE+N0  0,31080 2,0 7.0
0.0 0,0 c.C 0.0 9.0 0.0
o,20000 £, 40000 0,20n10 c,s9000 0.0 0,0
v . 0.0 0.0 0.0 0,0
.0 0,0 0,0 [ 0.0 2.0
0.10000F+00  §.35000 0.10000E«00  0,30000 3.0 2.0
0,10000E+02 D, 30000 0,10000E+80 0, %0000 0.0 0.0
0.0 0,0 0,0 o.0 Q.2 0.0
0.0 0.0 0,0 0,0 0.0 0.0
0.0 c,0 c,C 0.0 9.¢ 3.0
.0 0.9 0,0 0,9 0.0 ()
STATISTICAL PISTRIBUTION OF REFPLACEMENTS
ATOM  SITE ATOM  STE
TvYPE TYRE ME AN §TO DEV TYPE TYRE ME AN STD DEV
1 1 15,000 5,0000 1 2 13.600 5,023%
1 3 7.9 c.a z 1 16,400 T.T743
? ? 13,402 5.323% 2 3 3.0 0.0
3 1 0. 1CONDEON a,13n00 3 2 0,20000 0,43826
3 3 0.0 2,0
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] 1 Q 1 2 ] 2 0 o 1 o 1 ] ]
] 0 0 0 0 [ 0 0 ] o 0 u 0 [ o 0 0
0 0 0 0 0 0 0 0 o 0 [ ] 0 [ o 0 ]
[} ] 9 ] Q [ 1] 0 0 o 4 9 0 4 Q 0 0
[ o o 0 o [ [ [ [ o 0 0 o ] [} 6 0
LARGE RANGES -]
FINAL STATES OF PRIMARY RECOILS
REPLACEMENTS TARGEY ESCAPES INTER=
PROPER IMPROPER FRONT BACK STENONS 08T STITIALS
0 0 2 0 L [ .
ANALYSIS OF SPUTTERING YLELDS
TRANSM[SS[ON REFLECTION
MEAN STD DEV HEAN sTb st
YIELD 3,0000 22,7928 &, 0000 EFLY RS
FOCUSONS 0,0 0.0 0,0 . 11
YI1ELD DISYIIBUTION FUNCTION
a 1 2 Y &4 ¥ & 7 10 11 12 13 14 15 16 17 14 OF
TRANSM] S5 [ON L] 1 Q 3 1 H -] 1 1 [} i 0 0 L0 0 o @
REFLECTION i 1 1 1 3 1 o o 1 1 Q 0 Q 0 o g 0 0 o0 0
EJECTED PARTICLE ENERGY SPECTAA (  30.000 Es¥y PER CHANNELY
O 1 2 3 & % 6 T & % 12 11 12 1 14 13 13
TRANSM]SS ION 38 6 1 ¢ ? i 3 i ¢ Q 0 Q ] -] ] [
REFLECTION 37 3 Q ] -] 4] [} L] 0 Q 0 -} e [} ] ] ]
MARLOWE  BINARY COLLIS[ON CASCADE SIMULATION (VEWSIDN 10) . DATE Tewtbadd
TRANSMISSION EJECTION PATTERN
ALIMUTHAL ANGLE (DEGREES) . ORIGIN 0,0 CHANNEL WIDTH 340000000
S(POLAR AHGLE)- .05 PER CNAML
ALIM 1 2 3 (] 4 [} 7 9 1l 12 i3 12 1 17 11 ]
1 -] ] 9 ] 0 -] 0 0 8 U -] 0 L 0 ¢ ] ] -]
i ] 0 0 [ 0 0 e Q 0 0 [ [ ] [ [ I 0 0
3 -] 0 +] 0 ¢ ] 0 g -] g Q 0 -] ] ¢ ] [] 1.
503 %8 8 8 8 § 8 8 8 8 ¢ § 08 BB O3 OYoOQ
6 q ] -] 0 -] 0 [} ] 0 ] 0 -] L] 0 -] ] [} -]
T Q 0 0 ] 9 0 ] 9 ] 0 ] ] ] 0 ] 0 i [}
[] o 0 Q 0 0 0 1 o 0 0 0 [ 2 0 0 ] o 0
9 0 0 0 [} [ 0 0 ] 0 L) [ ] 0 0 o 1 1 9
10 ] 0 0 '] Q 0 i L] a ] 0 ° L] 0 -] 1 [} 1
11 9 0 9 ¢ q 0 o 1 [} 1 [} -] -] Q ] 0 z ]
12 ] 0 0 0 [ 0 ¢ 9 0 0 1 [ 9 2 [ ] [
33 0 0 ] 0 Q o o a Q ] 0 ] 1 0 Q [] 0 3
14 1 0 0 0 a 0 [ 0 3 0 [] [ ? 0 0 [ 13 0
15 ¢ 0 o 0 -} -] ] Q 0 -] [ -] ] ¢ -] a [ 1
16 [} o 0 0 9 0 [ ] ] 0 ] o L] ] 4 ] 1 1
17 ] [ [ ¢ 8 0 [ 0 [ ] [ 0 [] [ 0 1 0 F]
18 Q 0 0 0 0 [ o [ [ a [ 0 [ 0 0 0 [ S
19 0 0 9 ] [ 0. O [ 3 o 1 0 1 ¢ Q 0 4 3
20 8 ¢ ] ] ] [ Q o e 1 e Q H o i 0 -] ?
REFLECTION EJECTION Pnrenn
AZ|MUTHAL ANGLE (DEGREES). ORIGIN 0.0 CHANNEL WIDTH  3,0000000
COS (POLAR ANGLE) « 0,03 PER CHAWNEL
ALIM 1 2 3 L3 5 6 T ] 9 10 11 2 13 14 13 16 17 18
1 [} 0 o 0 0 0 [+ ] ¢ Q 0 ¢ o 0 -] 1 ] 1)
2 ] 1] o [ [*] 0 ¢ a 0 [*] 0 g 2 0 [} 0 ] ]
3 [ ] 0 0 o ] [ 0 ] 0 0 3 ] 0 [ ? [ [}
’ 0 0 0 0 0 ] 0 0 [ 0 0 o [ 1 0 [] [ 0
3 Q 0 ] 0 -] "] [+] ] Q -] [ ] -] [} -] [ [} °
6 0 [ 0 0 0 [ ¢ ] [ 0 [ ] o 0 0 [] [} [}
7 [ ] 0 0 0 ] o ] [] ] 0 [ 0 ] [ o [ L]
[] 0 0 0 Q [ [3 [ o 0 Q [ [ [} 0 ] 1 1 0
9 [} Q "] 0 ] 0 [} I [ Q 1 4] 0 Q i i i
10 L] [ ] 2] ] 1] [+4 o 2 Q 0 -] k] ] i ° o ]
1 1] ] -] 0 o >} ¢ ] 0 Q 1 [+] a 0 i i ] 0
12 L] a L] 0 -] 0 Q 4] [ ] 0 -] [} 0 i 0 1 0
13 [} 0 0 0 o -] [+ o Q 0 0 [} Q 0 1 '] ] 0
14 [ ] ] 0 Q 9 0 a ] 0 0 ¢ ) 0 ] 0 [ L]
18 2 [ Q q Q 0 ] ] o 0 [ 0 [ [ ] [ ] [
BB 0 0 0 0 ] [} o ] [ ] 0 0 0 [ Q 0 ] 1
47 o ] ] 0 0 o 0 [ [ ] 0 [ 1 )] 0 1 t []
18 0 0 0 0 ] [ [ I3 0 0 0 0 9 0 i 3 0 [
9 [+] 0 0 0 a [+ [+ 0 Q 0 0 -] ] 0 1 1 -] ]
20 [ ) ) 0 o o [ 0 ] [ [} [ 0 ] ] [ L] 1.

MAR\.OWE BINARY COLLISION CASCARE SIMULATION (VERSION 10) DATE Tiv09=0¥

JAERI-M 8178

ANALYS1S OF PRIMARY RECOIL RANGES ¢ 8 PARTICLES)
RANGE MEAN 570, DEV,
VECTOR 3,8236021 1, 1297043
PENETRAT{ON 2,416372% L.49735L198
SPREAD 2,3260703 5, TTARL0%

TOTAL PATH b,01372 Le38034

PENETRATION DISTRIBUTION FUNCT[ON
mlsmsﬁmocumuﬂ. ¥IDTH o.:us: }

FINAL VALUES OF RAN = 29404030007
MAX [MUM CASCACE STORAGE YSED 183
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Appendix 8 A Part of Qutput of MARLOWE for the Analysis of
Cascades in Cu Crystal due to 1keV Cu PKA

MARLOWE  BINARY cOLLISION CASCADE SIMULATION {VERSICN 107 DATE 18=0%=0%

COMPUTER MDDEL FACCMw?3
DESCRIPTION OF THE CALCULATLIONAL MODEL
SAMPLE DATA SET 3, DISPLACEMENT CASCADES [N COPPER,
CRYSTAL LATTICE CONSTANTS (AMGSTROMS) 3,6147000 3, 6167000 3,614T000
LNITS USED N REPORTING RESULTS
ATOM AND STTE LOCATIONS ARE IN ORTHORHCMBIC CELL EDGES.
DTRECTIONS ARE PROPORTIONAL TO MILLER [NDICES,
LENGTHS ARE IN UNITS OF LATTICE CONSTANT 1,

ATOM TYPE CHARGE HASS (AMU) ATOM  TYPE CHARGE MASS CAMQY
(V] 1 29,000000 £3.540000

DESCRIPTION OF CRYSTAL
NEIGHBURS OF CU ATOM {TYPE 1)

ATOM  TYPE X ¥ L MDH TY#E X ¥ .

4] 1 0,30000000 0, 30000000 9,0 1 8,50000000 =0, 50000000 00

[4V] 1 =0.30000000 0450000000 0,0 CU 1 =0,30000000 =0 50000000 0,0

(] 1 0,%0000000 0,0 0,50000000 cu 1 0.50000000 0.0 =2y 39000000
w 1 =0,3%0000000 0,0 9, 50000000 U 1 =0+50000000 040 »0, 50000000
cu 10,0 0,30000000 0, 50000000 4" 1 0,0 0,30080000 -2, 30000000
P 1 0.0 «Q, 30000000 0, 30000000 v 10,0 =0, 30000000 =5 36000000
[0 1 1,0000000 8,0 0,0 o 1 =i,0000000 0.9 0,9

cu 1 0,0 1,0000000 0,0 cv 1 0,0 =1,0000000 0.0

U] 1 0.0 Q.0 1,0000000 cu 1 0,0 0,0 -

THE CRYSTAL |5 INITTALLY FERFELT,

THE CRYSTAL HWAS NO SURFACES,

THE INTERATOMIC POTENT [AL
VIiK)w uun.zu).:nnl!)o(n ISEAP (0, Y00R/B) 0, 550EAP (w1, 28N/B) +0  100EAP (=g, 04R/B})
THE VALUES OF B ARE ]N ANGSTROMS
““,"Qp's,,,, s arn ATOMS, B i ATOME, s L}
Y 1+l 0,T38000000=01

MARLOWE  BINARY COLLISION CASCADE $IMULATICN (YERSION L0}

THE ELELTRONIC EMERGY LOSS FUNCTION
GCRE)m(FEaSORTIE) / (P afRead) Yol, DAInEXP (el SaR/FRY
THE um'rs QF FR ARE sennzv:-unssrnousun. THE vALUES FR ARE [N ANGETROMS,
vas ATOMS .00y 1en ATOMS 40 e L FR
;v o1ecu 1 z.uubu o.ulcouuun-u.l

THERMAL VIBRAT[ONS ARE NOT INCLURED,

SEAACH CYLINPER RADIVUS
ABOVE REPLACEMENT THRESHOLD 0,42000000 BELOW REPLAGEMENT THRESHOLD 0,62000000

MAXINUM DISTANCE BETWEEN 'SIMULTANEOUS® COLLISION POINTS
BEFORE 'TIME' COWRECTION 0,13832407 AFTER TTIMET CORRECTION 0,491620330=01

INLTIAL MINIMUM SEARCH DISTANCE 0,2T4648130~01

MAXIMUM ENERGY LOSS IN CHANNELING 1,000000C ¥y
UP TO 100 COLLISIONS ALLOWED EACH STENCN,

MAXIMUM ENERGY RETAINED IN REPLACEMENT SEBVENCES 0,10000000 Evve
UP TO 10 REPLACEMENTS ALLOWED PER SEBVENCE,

BISPLACEMENT PROJECTILE CUTQFF TARGEY BINDING
ATOM TYPE THRESHOLD (E, V42 ENERGY (EsV4) ENERSY (E \Y4)
f41) 1 7.0000000 7,0006000 7,0000000

CALCULATEL TIME INTEGRAL USED
PROJECTILE MUST MOVE FORWARD
FORWARD SEARCH USES TARGET 5]TE POSETION
RADIAL SEARCH USES TARGET S1TE POSITION
TARGET MOVES BEFORE DEFLECTION CCCURS
- INELASTIC LOSS APPLIED [N CM SYSTEM
=~ STOPPED CASCADE ATOMS ARE NEVER TARGETS
LOST PROJECTILES TERMINATE JOB
SCATTERING ALTERS SIMULTANELTY

COMPLETE DESCRIPTION OF THE CASCADE HAS BEEN REQUESTED,

INIT1AL vALUE OF RAN = 131073
A SINGLE PRIMARY PROJECTILE ¥ILL BE FOLLOWED,
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MARLOWE BINARY COLLISION CASCADE SIMULATION (VERSICN 13 DATE 78-09-0%

CASCADE NUMBER 1

POLAR ANGLE 13,4900 NEG AZIMUTHAL ANGLE 13,3700 . DEG

DESC# IPTIGN OF PROJECTILE

COLLISION  CASCADE FILE ATOM  TYPL  KARMA  ENERGY (E.v.) DIRECTION COSINES
0 1 ] L 100 1000,00 0.226%993 0,33%4230=01  0,912411
PRESENT POSITION HEFERENCE SI1TE oR1GINAL siTE
0,0 0,0 0.0 0,0 0.0 .0 0,0 0,0 0,0

MINIMUM SEARCH DISTANCE 0,276648D=0%

SUMMARY OF CASCADE NUMBER 1

NUMBER OF NUMBER OF
COLLISIONS 132 ATOMS ESCAPING FRONT SURFACE o
&TOM5 JNVOLVED 6b ATOMS ESCAPING BACK SURFACE ]
VACANCIES REMAINING “a TRUNCATED STENONS o
INTERSTITIALS REMAINING &4 LONG REPLACEMENT SEQUENCES ]
PROPER REPLAGEMENTS 22 REDISPLACED CASCADE ATOMS o
IMPROPER REPIACEMENTS © L0ST  PROJECTILES L]
ENERGY (E. V.2 ENERGY (£, ¥,)
INE{.ASTIC LOSS 55,9593 CARR|ED THROUGH FRONT SURFACE 0,0
REMAINING KINETIC 121,119 CARRIED THROUGH BACK SURFACE 6,0
SUBTHRESHOLD LOSS 364,912 CARRIED BY REDISPLACED ATOMS Q.0
LOST 1O BINDING &62,000 REDISPLACEMENT THRESHOLD .0
FOR DAMAGE 941,031 REPLAGEMENT THRESHOLD 39,3872
CONSERVATION TEST 1007,00 CARRIED By LOST PROJECTILES 0.0
DETATLED DESCRIPTION OF THE CASCADE, PART L OF 3
FILE TYPE KARMA COLLISIONS  PROGENY INITIAL ENERGY FINAL ENERGY INELASTIC LOSS TOTAL BATM
| 1 cu 1 90 13 T 100,00 1,79248 26,6181 4, 40004
2 [V 90 T 2 Ta.e905 1.,43773 1,40190
3 cu o1 18 (] a 351.060 .0 2,92182
5 vl 10 F 1 17.1187 0.0 q,435939
5 (VI 10 L] 7 415,830 e,0 2,31080
6 w1 10 i * LA 9,0 2,45704
7 (VI 1 10 ] 1 64,0304 0,0 L) 1.403%2
] w1 10 & [ 22% bbb 2,0 1,998
i L] (VI S0 o U 2.7T641 2, TTEeL 0.0 0, 343044802
| io w1 10 k] 3 119,028 0.0 1, 93
! 1nocu o1 90 ) 6 1,06016 1,06016 0,0 0,204
; 12 U1 10 7 . 177,948 8,0 2,66325 1,948
MARLOWE BINARY CULLTSION CASCADE SIMULATION (VERSION 100 DATE TH-Q¥=0%
LOCATIONS OF THE VACANCIES CREATED
; FILE 5ITE TyPe X ¥ L NSUBST
. - Cu 1 2,0000000 1,3000000 3,5000000 Q
29 cu 1 3,0000000 2.,0000000 3,0000000 0
30 [<3] 1 2,0000000 4, 5000000 1,5000000 ‘0
3 w 1 2, 5000010 215200000 1,0000000 [
32 L] 1 0, 5006000C 2,0000000 2,%000000 0
33 cu 1 %, 000000¢ =%,0000000 6,0000000 0
3a ] 1 1,506000C +,5000000 2,0000000 a
35 cu 1 =0,50000000 «1,5000000 3,0000000 T
D) tu 1 1.3000000 1.0000000 3,5000000 3
ar (<) 1 3,3000000 2.0008000 2,%000000 "]
38 cu L -1,0000080 =0, 100006000 1,%000000 1]
s o) 1 2.0000000 =1,0000000 2,0000000 0
“0 cu 1 5,3000000 =4,3000000 4,0009000 a
41 cu 1 a,0 2.0000000 3,0000000 ]
&2 v 1 2,0000000 1,0000000 4+,0000000 3
43 cu 1 3,3000000 1,0000000 ,5000000 o
44 cu 1 4,0000000 #,0000000 3,0000000 10
4% cu 1 2,0000006 2,0000000 4,0000000 o
48 Y] 1 5, 3000000 =%,0000000 §,3000000 28
47 cu 1 %,0000000 -4,5000000 6,9000000 ]
48 cy 1 2,5000000 3,%000000 1,0000000 13
49 oY) 1 5.0000000 2.5000000 3,9000000 2%
50 cu 1 2.5000000 1,0000000 4,3000000 a
51 ] 1 3,0000000 1,5000000 0,30000000 [
52 [«1) 1 1,0004000 4,5000000 2,3000000 j 1)
53 cu 1 0.0 1.0000000 3,0000000 24
b4 V] 1 3,0000000C =2,0000000 3, 0000000 »
5% (4] i «1,000000¢ =-1,0000000 2.,0000000 s\
56 cuy 1 .0 0,36000000 25000000 [}
5T cu 1 4,5000000 2,3000000 3,0000000 h
' 58 cu 1 2.5000000 =~0,30000090 2,0000000 3
IL] cu 1 2,0000000 &, 0000000 2,0000000 22
60 cu 1 3,0000000 3.0000000 +.0000000 49
61 v L 0. 50000000 &, 5000000 3,0000000 12
62 cu 1 2,0000000 1,0000009 5.0000000 82
83 cv ) =1.5000000 =2,3000000 4,0000000 23
64 cu 1 4, 0000000 =2,5000000 4,5000000 12
65 < 1 5,0000009 -&,0000000 6,4000690 33
és cu 1 3,0000000 3,53000000 0.%000000¢ ap
ANALYS1S OF REPLACEMENT SEQUENCES
1SGLATED REPLACEMENTS 10 SEQUENCES OF LENGTH 2 L} SEQUENCES OF LENGTH ¥ ]
PRIMARY RECCIL RANGES
VECTOR  3,7557134 PENETRATION  3.1861902 SPREAD  §,%883601 TOTAL PATH  4,404032%
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MARLDWE BINAMY TULLISION CASCADE 31HMULATION (VERSION 103 DATE T8=09=09

THE DISTRIBUTION OF VACANCy=[NTERST[T[AL SEPARATJONS

PAIR VACANCY INTERSTIT AL SEFARATIUN PAIR VACANCY INTERSTITTAL SEPARATION
NUMBER 1¥PE FILE TYPE FLILE DiSTANCE NUMBEH TYFE FILE TYPE - FILE DISTANCE
1 v o1l 1l cuo1 11 0, 264980030-02 H cu o1 1% w ot ié 0,313500070=02
El e 1 9 [SURES 9 0.349087730=02 & cu ! 13 [V} i3 0,39558834D=02
5 cu 1 1 cu o4 14 4,650099750-02 L) [AVE 19 cu o1 9 0,025325420-02
7T L1 2h w1 76 0.89T24336Dm02 8 cy 1 23 ol 23 0,983381850-02
9 [V 36 cu o1 36 C.116817310D=01 10 (- kN U1 37 0, 117594100=31
i1 o1 47 [V “7 0.119397930=0} 12 b 1 40 1 &0 Q,121190280-01
13 ce 1 45 [N ah 0,3139472020-01 14 [V 50 1 a0 0,14029524p=01
* 15 cu ol 34 cu o1 2 0.35291123 14 [V kL) v 1 35 0,370293%0
L7 1 16 cy o1 18 3. 370044960 18 [V &3 w1 &3 0, 37T6TETY
19 cu 1 21 [T 17 0.37865608 29 cu 1 30 L1 1o 0,39263260
21 cy 1 41 ol 41 0,3558548% 22 [V 32 w1 32 0,90308172
23 (VD 31 cu o1 3l y.u1567922 24 cu o1 34 w1 59 0,71844858
25 cy 1 17 w1 b G.T2110352 26 [{V I 24 1 53 0,72331831
7 cli 1 27 cy i 21 0.75100874 28 o1 2% U1 25 0,90188150
- 29 [V 24 w1 2C Q.94455187 3G [V 28 vl 28 0.,9590677%
al [STRE Y 4 clo1 58 0,973290%% »n cu 1 a3 Lyl (1] 1,01e8087
a3 [V 12 cu i 24 1.0&d326s 34 cu 1 tu o1 38 1.,248Q160%
3% w1 2z Lol £ 1,8306TL3 36 [ I 29 cw 1 &0 1,4313928
3t [V 7 cu o1 5% 1.5891077 38 [ L} cu 1 1 1.6815158
a9 [ ER 15 [«{S 51 2.10196%8 40 Ul 10 vl (¥ 2,5651354
I3 w1 5 cu 1 61 36TRI0LY L cy 1 3 w i 63 4,078%004
43 cu ! 2 [T 5t 5. 5355940 46 vl 1 v 1 L1 10,26918)
FINAL VALUES OF  RAN = 131073
TIME [(SECONDGs FACM=T5) SPENT [N
EVENT SEARCH SKATR ORGIV
261.00 15B.00 T3.00 136.00
CARGADE STORAGE USED L1
1
|
'
i
|
|
#
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Appendix 9 Card Setup for DAIQUIRI to Solve a Sample Problem

T S Y S . A L L R A L IR LN AR R I L

T.0/TIME 108
WiO/PAGE 40
WGUOB  3L0003%¢TA.ASAUKAI&31 .22 FEMMONTS ‘ Py
FHLIEDRUN JOUGSYL,DAIQUIK]
015K FOL
¥315K  FOZ

© ¥DISK FI1

SDATA
2.% KEV FE (0l])
SAMPLE RUN
FANNEAL NPROE®999 NTMAR= O NPRI®10:¢20+104LAGTSTS
63
1 1od 105 91
2 113 Lol 10l
3 107 103 109
4 108 112 92
5 11ls 110 94
& 1l 110 100
* o116 (00 102
8 110 104 102
9 10& 106 108
10 110 108 110
11 108 98 112
12 10e 4 1lla
i3 109 109 93
ls 11p 108 94
15 103 141 101
ie 104 192 102
17 109 1u5 105
18 10a 104 10e
19 10% 102 99
20 111 102 33
21 10 102 100
22 10% 103 105
23 107 101l 107
24 . 106 102 106
25 116 1lue 10C
26 118 106 10D
27 118 108 100
28 11l 103 95
29 109 105 95
30 112 102 94
31 llo 104 96
32 L0Z2 10% LT3
33 102 10% 50
34 131 100 52
35 110 113 94
36 115 11 96
37 115 103 98
33 109 112 98
3% 110 98 101
40 122 liv 01
41 107 107 102
42 119 102 104

L N O o e ol i T e O T T
L N S o Tl e S N T R T R R N N e L L
-~
S

ocoOCcCOoCoOo0O

,,,.-....1....ﬁ....z.-..-....3-..['...-4--'.'-...5....'....6.---'..-.T-..-O.-.-l

43 110 191 106
44 107 10z 112
45 104 9¢ 113
w6 11 108 113
47 110 105 89
48 109 112 &9
#9115 142 95
30 118 113 95
51 113 103 98
52 111 1900 99
53 1lle 113 99
%4 11% 101 1iUD
5% 111 10% 100
%6 110 107 101
27 118 1i1 1ol
38 106 106 104
5% 117 luo 105
80 105 10% 108
s1 108 98 115
62 106 3y 117
63 113 106 119

MR RIS RITO RS AR T R A R RI T RO R RS N RE R
bbb bl e e e e E R e e
0oOUC ODODCOOTOo0OOUCOOOO0

63
Li4417737400
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Appendix 10 A Part of Output Print of DAIQUIRI for the
Sample of Appendix 9

T BRGGRAM DALGUIRI
SIMULATION OF DEFECT ANNEALING IN GUENCHED OR LRRADTATED SPECIMENS
NMPD PROGKAM NO 859
VERSIUN FUR PURE ALPHA-IRON (300 DEGREES KELVIN)

FCC GEUMETRY 1S ALLOWED» BUT FCC ANNEAL ING MGDEL
IS A TRIVIAL GNE FOR CHECKOUT PURPQSES ONLY

TYPE 1 ELEMENTS RRE VACANCIES
TYPE 2 ELEMENTS ARE INTERSTITJALS

« A5SUMPTICNS ON JuMP PRGBABILITIES FOLLOW

VALANCILS Pr 0,0 (EA=0,%8 EV}
GINGLE INTEKSTITIAL (UNCORRELATED JUMP) P= 0,1 (EA=0.33 EV)

S1nGLE INTERSTITIAL (CORRELATED JUMP) Pa 1,0 (EA=Q,27 EV)
D1=INTERSTITIAL 30 JUMPSSTIME STEP  (EA=0,18 EVYD
LaGER INTEHSTITIAL CLUSTERS Fs 0,0

SINGLE INTERSTITIALS ARE CORRELATED FOR NEIGHBORS 1:2:3¢d+5,7 AND 10 (333 ONLY)

THE LAST Tw@ JUMES IN Cl=INTERSTITIAL FORMATION ARE CORRELATED, THESE ARE OF THE FORM
(2.3 £3910 (3+1) (4e2) (463D (7433 (Ta5) {13

INPUTFOUTPUT FILES

SYSTEM INPUT NN - B
SYSTEM OUTRUT NOUT= &
FIRST AUXILIARY NAUX= ]

SECOND AurlLTARY NAUXZ2= 2
BCD PUNCHEL UUTPUT  NPUN= 11

BCE JumMP VECTURS
(#la41a¥l}
(rletle=l)
{4la=]a*l}
(+li=14=12
(=Llevlr*ll
(=lesls=l?
{=le=le*i2
t=lu=l=1)

@a BN

LISTING UF INPUT PAMAMETERS

CRYSTAL STRUCTUHE e = 7
PROBLEM NUMDER NPROB = 999
FIRST TIME STER NTMIN = 1
LAST TIME STEP NTMAX = 20
NUMHER OF ELEMENTS NE = b
TABLE LISTING PARAMETERS NPR_ = 10 20 10
JUMP HISTORY REQUEST LIST = T
CHECKRQUT MUUE CHECK = 1
KANCUM NUMBER GENFRATOR & w1 14alTTITALE

2.5 KEV FE (GL1)
SAMALE RUN

PRUBLEM NO, 999

ELEMENT TABLES (INPUT DATAX

| < PUSITICON TypE CLAsSS AR

51 ol 13 1ud 98 i 1 ¢

» 52 52 111 100 39 2z 1 0
53 33 116 113 9% H 1 o

54 5% 119 10l 100 ? 1 o]

55 535 111 109% 100 2 1 ]

56 S& 11¢ 10/ 10}% s 1 o]

571 57 118 11l 101 2 1 o]

58 58 106 106 104 2 1 u

» 5% 59 117 jou 105 2 1 0
&0 &0 105 109 106 2 1 Q

61 61 108 9% 115 2 1 Q

62 62 108 95 117 2 1 Q

63 &3 113 106 119 2 1 Q

DEFECT POPULATIUN

TYPE CLASS NUMBER

1 1 12
1 2 3
L 3 3
1 o 1
2 1 32
31 TYPE 1
32 TyPt 2
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2.% REVFE (6110
SAMPLE RUN
PROBLEM NC, 999

ELEMENT TABLES (IN]TIAL CONCITIONS FOR SIMULAYION)

S POSITION TYPE  CLASS  ADJ
31 99 116 100 10% H 1 0
52 B0 105 109 109 H 1 0
53 6l lop 98 114 ? 1 0
5h 62 ot &% 111 2 1 ]
55 &3 114 106 119 H 1 Q

DEFECT PUPULATION

TYPE CiLA55 NUMBER
1 1 13
1 3
i 1 ] +
2 1 28

27 TYPE L
28 TYPE 2

2,3 KEY FE <&Gily
SAMPLE RUN
PROBLEM NO: 999

TIME STEP 10

{ < PCSITION TYPE CLASS  ADJ
31 6} 113 107 20 2 1 a

DEFECT POPULATION
TYPE CLAGS NUMBER
11 12

1 e F]
1 3 3
F 1 »
? 3 1
23 TYPE L
26 TYPE 2

2,5 REY FE (GlLl)

SAMPLE RUN
PROBLEM NQ: 999

TIME STEP 20

T POSITION TYRE CLASS  ADY
3 i 05 103 91 1 1 Q
2z ) 0T 103 10% 1 1 ]
L ok 112 %2 1 b b4
[ 14 110 00 1 i ]
5 ] 10 104 102 1 1 0
6 11 06 90 132 1 L [
T 13 09 109 9 1 3 o
[ ] 03 101 01 1 2 9
% 16 os 3102 o2 1 2 [
10 1k oF 104 106 1 1 0
11 19 0% 103 9% 1 3 12
12 2 11 30¢ " 1 3 13
1y 21 08 102 100 1 3 11
1s 23 0?7 10i le7 1 2 18
15 2 o6 102 los 1 2 14
16 2 16 L06  ioe 1 1 0
1T 28 111 10 9 1 3 1
i 29 10 16% 93 1 3 19
iy 3l 110 104 11 1 3 57
20 %2 01 103 se 2 1 0
21 3 93 103 90 ] 1 [}
22 ¥ 0% 113 s ? i -}
FEI 13 11l "w ) i o]
24 57 i 108w H 1 ]
FLEET ) 115 11y 99 ? CICT )
26 2 i2) 103 10% 2 1 ]
T A3 110 102 10% F] 1 [}
28 AN iee 102 1312 F] b 9
29 a7 Loy 103 7 Fi 1 Q
30 #8 111 109 s H 1 ]
31 A9 {14 102 98 ] 1 Q
3z %0 20 112 94 H 1 Q
3 52 10 180 99 2 i 9
34 5% 110 112 100 F] 3 F1]
3% % 109 11i ioi 2 3 34
3% 4 i1 103 iov 2 i 0
3T &) 108 M Lie 2 1 0
L LI ¥ 106 ¢ 118 H 1 [}
3% &3 146 108 119 H 1 9
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DEFECT PUPULATIUN

TYPE CLASS MUMBER
9

1 1
1 2 2
1 2 2
2 L 17
2 3 1
13 TYPE 1
20 TyPt 2

L3
4 INIULALLY UNSTAHLE PAIRS
34 30
41 17
. % 52
51 14
FRENKEL FALHS ANNIMILATED
T]Me PAIR
‘ 6V
7 58 27
14 53 ]
le uh 10
17 39 i
9 57 28
19 54 7
19 40 2T
T FRACTY  CUM
¢ 1 1
T 1 ?
14 1 3
18 1 “
17 1 5
19 3 ]
JUMP HISTURY
TeT[mE
J=JUMP ING ELEMENT
v=jyMP VECTOR
T J oV T J v T4V | I T J v
1 43 7 L 59 ] A 3 2 60 2 Z 32 b
3 38 1 3 3 1 4 43 3 3 59 1 L1 I
7T %% & T 5 % T O 1 FE-1 T8y 6
7 5% #& I 55 & T Y 6 B 47 5 & 36 8
8 42 1 4 50 @ 8 15 8 % 83 1 9 a8 &
k4 10 51 & 16 &2 B 10 53 6 11 &7 8 11 &9 5
12 51 4 13 sy 4 14 43 % 14 5} & 5 42 17
15 32 % 16 3¢ 7 16 uh 5 17 33 2 17 3% 1
17 a2 2 17 %4 3 18 63 2 18 4t & 18 54 &
15 T 8 14 47 4 19 44 7 19 40 5 15 49 &
20 &3 1 20 36 3
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1 rradiat ion Problem of Copper

Card Setup for CASCSRB to Solve a Heavy

,...n...,1....4....2....u....3....*.-..&....'....5....!..--6....'....7....u....a
C.2/CORE 128
W.0/PAGE 40
P,O/PCH 0
¥GJ0B 3100033 TA.ASAUKA1431.22 vFEMMONTC /700331
$DLIED J0Q35.CASCSRBGRFD=ONCOMLIR®CALL «RBSPC=30
SEMT MATN
SELECT RELEINCFTMAIH1DiNGRRDINGRSK [P BTERRVEREX 16666 ’
SETLXERHURA yUNLOAD INTF 1 X INTF 1 SLGNF 4 MINLF 1 XMODF s XMAXQF v /
FLOATF s KAHGF 4 SOHTF 4 ABSF sEXPF r ATANF 1 XXXX 1 7
BLOCKD + HANDU s RRNUM 7
SThRT‘ICHEK-RESEY'WE[TEl-IR[TEZuTARGT;|TARGT2-5CAYTR. 7
BKKEEP-UDDD-PTAB-PT‘BIlPTABZuBIGJ!RINGEulNTll[NT!! /
CLPAIG-E&DIUS-SETIST’
SGMT MaIN2 o CHNmMA TN
SELECT RELAINI{MAINZ (BTER[ T TSORTL TSORTZ}
SGMT MA N3 CHN=MA TN
SELECT RELBINCMAIND «BEBE (MIDPTV PRINT| +MIUPTLAMEAND DISTS DISTOVSTORE, /
PRINT)
S5GMT MAIN3L+CHNmMALNS
SELECT RELBINCMAINIL 1AASA I VACCLUPRINTY S INTCLUCOMPRY 2 COMPR] )
SGMT MAIN32 +CHROHAIND
SELECT RELB]N(HAINSZ-CCCC|V‘CCLF-PRINTFv[NTCLF!COHPR)
SGMT  DATGU CHNwMAIND
SELECT RELBIN(CENSUS-CLEAﬁ-CLDSE-CDNECT-CORL-D[NTV-DS@vFPSTﬂTlFHENKLu /
DAIuUl-lN&H-INkOlePRIlNPuT-JFRD@-JUMP'L]STItLlST!-OCTIN-I
PANIC PRMUTE +5J0 TPRIUPDATED
SGMT MATNG s CHNmMA | N
SELECT RELBINCMAING 4LEEESPLOTIGRAPH)
FIN
¥ORUN
015K FOL1 '
#pI5K FO2
D[SK FO3
*DISK  FO&
#DiSK F10
#D15K F12
*DISK F13
*DISK Fla
SFD  F7B+DUMMY DEVDeUA
WDATA
255234727800
]
S1011540,5e=3 KEV COPPER
S51D2v1%+DIRECTION 1 1113
BTYPEL+3+COPPER
5TYPE2+3+COPPER
STYPEY 3+ COPPER
SCRYSTLw1+FCC
IPCHG 29129129 1 PHASS 183063463180 7717y
ICLATT+ 3,614 T PMARX 2 vRELAK 3 XLMDA1 Y
FKPRINT + 3+ KLUSTR 21 KPRIMsZ1KREPL 12 ¢NE+ s
500, 3000, 115, 225, 175, 225, 178, 228,
]
ARGEMNs 211097131072+
,,.,-..,,1....»....2....-r...3....-....“....0....5....*....6.-..0....1,...ﬂ....l
4KTAPE 1 Q1 KRECRD1O+RPRINT ¢xLs
-
S1Di11%+0.5==3 KEy CUPFER
51D2115DIRECTION 1
SANNEAL NPROBIlnNTHAl‘ZOnNPE|UZDnZOQZU-LlST-TwL]ST-F:SCC-F L)
1
ANDELXvO+NDELY +OoNDELL SOy
SCRYSTL1.FCC
31DLa1510,5==3 KEV CUPPER
51DZ+15:DIRECTION 1 1111
SCHECK 10+CLATT 3,014 T
-
Q o 0
3{D1s1540,5==3 KEv CUPFER
51p2.15+DIRECTION 2 1111
5TYPELs3+COPPER
5TYPEZ+3+COPPER
STYPE3.3COPPER
SCRYSTL11FCC
3PCHGv29.29-29|PFA55v§3|63-63-ED.T-T‘Tn
SCLATT¢3,61871PMAXX 12 RELAX D 1 XALMDAY 11
GKPRlNT.}-KLUSTR-Z|K9R|H-ZIKPEPL|2|NE|1|KSAT-10
-
500, 3000, 115, 225, 175 2251 175, 225,
-
8
4RGENS 21109731072,

GKTAPE (0 oKRECRD Q1 KPRINT ¢=1
0.5==3 KEV COPPER

5IB2+15+DIRECTION 2
FANNEAL NPRDB'Z-NTHﬁX'ZOnNPRI'ZUnQG.ZQ-LAST'TnL}ST-F-BCC-F L]

ANDELX 1O s NDELY ¢ QW NDELL AU

SCRYSTLe1FCC
51DLs1540,5--2 KEV CUPPER
51D2+154CIRECTION 2 111
FCHECK 0o CLATTa 30614 T .
-

1 o 1 150 350 200 150 ado 200 130 3se

200 Z00 2920
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Appendix 12 Output Print of CASCSRB for the Problem of Appendix 11

ELASTIC COLLISION CASCADE -- &(C LATTICE

0.5==3 Kty COPPER
DIRECTION 1 1111

CRYSTAL ATOMS

i COQPRER 2 COPPER
MASS 53, 63,
CHARGE - 29, 29.
EJECTION ENERGY T T,
k PRIMARY ATGM
COPPER MASS = 63,  CHARGE = 2%,

PRIMARY ATQM ENERGY
N 1230.7 ELECTRDN VOLTS
TAKE=OFF POINT (ANGSTROWS)
K om 356,95163
¥ ®  331,64873
l » 394,30598

TAKE=QFF DIRECTICN
CO% ALFPHA = 0,2756020% ¢RS BFTA « 0,13437220 €05 GAMMA =  0,%5183383

THETA = 17.85531&  pH| = 2%.991951

i LATTICE CONSTANT ® 3,56147 ANGSTROMS

SCREENING PARAMETER » 1,00 FOTENT[AL CYTOFF = 2.00 ANGSTROMS
RELAXATION DISTANCE (SWUSRED) = 5,00 COURDINMATE UNITH

OLTRUT ORT]IONS
KLUSTHE 2 KPR ipa 2 KRHINT= 3 KR_LATs 0 KPLATw 2 KREPL® 2

DEFELT STATISTICS

INTERSTITIALS VACANCIES REPLACEMENTS
13. .14 in

COPPER
COPFPER 1% l4 12
TOTAL e . 28 L

RANGE QF PHIMARY ATO

T3.49 ANGSTRUMS

COORDINATES OF PRIMARY ATOM AT END OF CasCaps

199 160 253

NUMBER OF COLLISIONS RECORDED = 532
VOLUME OF OAMAGED HLGION = 1.B3LE+04 Cups
MAX [MUM FERMITTED YOLUME = 5.66BE+0% C.A.
CASCADE PROGRAM RAN 4ALL CASES TO COYPLETION
wilL NOw wRITE END OF FILE ON 3.RE#INDs ARND EALL CLUSTER
FCC vACANCY CLUSTEHR SIZE DISTRIBUTION AND DEPLOYMENT PROGRAM, NMPITS

D.5==3 KEv COPPER
DIRECTION 1 1111

LATTICE CONSTANT = 3,61&47000E+00

RANDUM NUMBER GENERATOR = 21109713inv2

CONTROL WORDS = KTAPE= 0w KPRINTa=11 KODE= §, KSATUR= 0. KRECRD= 0.
FCC VACANCY CLUSTEHR SIZF DISTRIBUTION AMNO DERLQYMENT PROGRAM, NMPTT?

0.5==3 KEV COPPER

DIRECTION 1 1111
UNSTABLE FRENKEL PAIRS = &
LAST RANDOM NUMAER « 7643499594
VACANCIES INTERSTIT1ALS TYPE VACANCIES INTERSTITIALS TYPE
209 185 233 205 las 233 1 203 192 226 202 193 226 1
19% 190 224 1958 193 222 3 209 176 226 209 174 222 4
200 191 22e 202 193 228 4 19 175 237 199 173 233 “
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FCC VALANLY CLUSTER SIZE DISTRIBUTION AND DEPLOYMENT PROGHAMy NMRTTH

0,5=~3 KEV COPPER
DIRECTION 1 11l

NUMBER OF [INPUT vACANCIES 28
NUMBER OF UNSTABLE PATRS )
NUMBER OF STABLE VACANCIES 22

TYPE OF CLUSTER NUMBER OF CLUSTERS
1=VACANCY 9
2=VACANCY 3
3=VACANCY 1
4=YACANCY 1
SINGLE VACANCIES
192 184 223 206 182 2% 19% a7 22% 201 187 223 199 ity 235
199 17T 237 202 1A3 228 201 L8 23 199 186 238

VACANCY CLUSTERS

3-VACANCY CLUSTER 195 183 223
19g 184 222
200 183 224

2=VACANCY CLUSTER 197 187 223
194 187 224

2=VACANCY CLUSTER 193 149 227
193 188 12

4=vACANCY CLUSTER 201 181 229
202 182 229
203 183 231
203 HE 230

2=YACANCY CLUSTER 201 190 224
200 191 224

BLL VALANCY CLUBIER 3l S15IRIBUTION ANU DEBLQYMENT PRUGHAM, NMFTEH

0.5=-=3 KEV COPPER
DIRECTION 1 1111

NGMBER OQF !NPUT INTERSTITIALS 28
NUMBER CF UNSTABLE FAIRS &
NUMBER OF STABLE |NTERSTITIALS 22

TYPE COF CLUSTER NUMBER OF CLUSTERS

L=INTERST([TIAL 20

2=INTERSTITIAL 1

SINGLE TNTERSTITIALS
219 19 212 192 172 219 206 192 223 202 179 224 2te L84 229
18% 191 229 216 198 237 194 137 240 190 186 249 iss 132 221
190 lsz 222 227 1% 223 130 l3%. 22« 190 187 226 207 192 22
195 192 228 200 19% 232 1572 1T 235 208 1388 233 20 188 280

INTERSTITIAL CLUSTERS

Z-INTERSTITIAL CLUSTER 199 190 230
198 191 230
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END UF RECOND ENCUUNTERED READING TAME 3
1ERCOD = 3

wiLL EXI?
END OF FILE ENCOUNTERED ON TARE 3

LISTING OF [NPUT PARAMETERS

CRYSTAL STRUCTURE BCC
PROBLEM NuMBER NPROB
FIRST TIME STEP NTMIN
LAST TIME STEP NTMAX
NUMBER OF ELEMENTS NE
TABLE LIS]ING PARAMETERS NPR
JUMP HISTORY REQUEST L18T
CHECKOUT MODE CHECK = 1

RANDOM NUMBER GENERATOR 6§ 000000800000

~
>0 Hm

L]
20 20 20
F

S1D1e1310,5==3 KEV LOPPER
51DZ.15'DIRECTION 1
PROBLEM NO, L

ELEMENT TABLES (INPUT DATA}

TYPE CLASS NUMBER

‘ .
‘ DEFECT POPULATIGON
; L]

e g

R RS
~

- O e

22 TYPE L
22 TYPE 2

$1D1s13:0,3=-3 KEY COPPER
§1D2:153.DIRECTION 1
PROBLEM NO. 1

ELEMENT TABLES (INITIAL CONDITIONS FOR §IMULATIONY

’

DEFECT POPULATION

TYPE CLASS NUMBER
L]

-
LIToR SV VY o

LISt
y
O

22 TYPE 1
22 TYPE 2

3|01115¢0,5=a3 KEV COPFPER
sID2+1%DIRECTION 1
PROBLEM WO, 3

TIME SYEP 20

DEFECT POPULATION
TYPE CLASS NUMBER
L

LISy PR

A
R
"
-

18 TYPE 1
18 TYPE 2

FRENKEL PAJRS ANNIHILATED

TIME PAIR
2 39 ]
2 3 1)
10 30 §
19 32 2
T FPA(T) Cum
] s 2 2
i 1 3
19 1 4

CASCADE PROGRAN RAN ALL CASES 1O COMPLETION
CLUSTER PROGRAM NOT RERUESTED
_ WiLL NOW WRITE END OF FILE ON 3+ REWIND: UNLOAD: AND CALL EXIT
2 TH PROBLEM
HAINS
HAINL
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ELASTIC COLLISICN CASCADE == FCC  LATTICE
0,%==3 KEy COPRER

DIMECTION 2 1111
CRYSTAL ATOMS
1 COPPER 2 COPRER
MASS 63, 11
CHARGE_ 29, 2%
EJECT]ON ENERGY T, Te
PRIMARY ATOM
COPPER MASS & €3, CHARGE = 19,

PRI MAR\_" ATOM ENERGY
1603,2 ELECTRON YOLTS
TAKEROFF PGINT (ANGSTRONS)
A= 33152958
Y o= 38,95143
T e 3a3,09783

TAKE=DFF DIRECT{ON

COS ALPHA = 0,391998TF  ¢o5 BETA & 0,13405928  Cps SAMRA &7 U7FRIDTYER

TMETA = 3T,T13T03  PH| = 14,386848
LATTICE CONSTANT = 3, 8147 ANGSTROMS
SCREENING PARAMETER = 1,00 POTENTIAL EUTOFF & §,00 ANBATRDNE
RELAXATION DISTANCE (SOUARED) = SI.DO Cﬂo‘iDINATE UNITS

QUTPUT OPTIONS .
KLUSTRa 3 KPRIM® 2 KPRINT® 3 KNLATS §  KPLATE ¥ KREPL® 2

DEFEL | aTAI]lSM]LY

INTERSTITIALS VACANC[ES REM| ACFMENTS
37

COPFER 31 17
COPPER 2% 3 5
TOTAL . &3 LH 42

RANGE OF PR|M&Ry AaT(0M

43.33 ANGSTROMS

COCRDINATES OF PRIMARY ATOM AT END OF CASCADE

199 .1%9 213

NUMBER OF COLLISIONS RECORCFD w370
VOLUME OF DAMAGED AEGIUN » 3,401E+04 C.a,
MAKIMUM PERMITTED vOLUME = §.B48E«05 C.4
CASCADE PROGRAM RAN ALL CASES TO COMPLETION
WILL NOW wRITE END OF FILE ON 3.RE#IND. aMD GALL CLUSTER
FCC wACANCY CLUSTER SIZE OTSTRIBUTION AND DEPLOYMEMT PROGRAM, NMPTT9

J.5==3 KEV COPPER
DIRECTION 1 il11

LATTICE CONSTANT = 3,614T000E«00

RANDOM NUMBER GENERATOR = 21109T3lo72

CONTROL WORDS = &TAPE= 0. KPR[NTa=l1 KCDEw Q1 KSATUR= O+ KRECRDs 0.
FCC VACANCY CLUSTER SIZE DISTRIBYT|ON AND DERPLOYMENT PRUGRAM: NMPTTY

0.5==3 KEV COPPER

DIRECTION 1 1111

UNSTABLE FRENKEL PAIRS - 18

LAST RANDOM NUMBER = l4842330874

VACANCIES INTERSTITIALS TYPE VACANCIES

195 187 187 196 187 187 1 18 200 21t
197 190 198 137 i 196 1 171 209 197
192 209 196 193 Z10 196 2 201 193 193
199 200 196 19% 200 194 3 199 210 199
201 201 208 201 201 207 3 198 194 203
199 199 2ot 197 201 207 [ 197 186 196
192 134 223 190 184 223 4 199 198 192
198 191 196 201 194 196 $ 132 19% 196
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261
190
200
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193
210
198
184
198
202

ALS
217
196
193
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196
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FCC VACANCY CLUSTER SI2E DISTRIBUTION AND DERLOYMENT PROGRAM, NMPI79

0.5+~=3 KEvV COPPER
BIRECTION 1 1114

NUMBER OF INPUT vACANCIES &2
NUMBER OF UNSTABLE PAIRS 16
NUMBER OF STABLE WVACANCIES 46

TYRE OF CLUSTER . NUMBER OF CLUSTERS
1~VACANCY 13
2=YACANCY 5
3I-VACANCY 3
4=VACANCY 2
SINGLE VACANCIES
19T 189 189 198 194 138 202 200 19% 198 19 197 200 198 211
4 206 lsz 225 195 18T 223 01 isT 228 202 183 276 199 177 23%
199 1?7 237 138 193 190 198 203 196 193 206 196 193 208 1%6

192 20% 198 201 196 2ns 198 187 224 201 190 224

WACANCY CLUSTERS

I=VACANCY CLUSTER 157 197 19
196 198 191
196 199 192

4=VACANCY CLUSTER 196 202 193
195 203 183
196 201 192
195 204 192

2=VACANCY CLUSTER 197 199 13y
1537 138 194

2=VACANCY CLUSTER 194 204 198
194 203 19

2=VACANCY CLUSTER 199 199 201
199 198 202

3=VACANCY CLUSTER FLoli] 198 205
200 199 204
201 200 204

3=VACANCY CLUSTEK 199 184 222
199 185 223
200 185 22a4

Z=VACANCY CLUSTER 201 156 192
200 1%7 192

2-VACANCY CLUSTER 193 184 226
193 1899 227

GevACANCY CLUSTER 201 18l 229
202 182 229
203 182 230
203 183 331

BCC YACANCY CLUSTER SILE RISTRIBUTION AND CEPLOYMENT PROGRAM, NMPTHB

0,5==3 KEv COPPER
DIRECTION 1 1111

NUMBER OF |WPUT INTERATITIALS 63
NUMBER OF UNSTABLE PAIRS  1é
NUMBER OF STABLE INTERSTITIALS &7

TYPE OF CLUSTER HUMBER OF CLUSTERS
L=INTERSTITIAL L3S
2=INTERSTITIAL 3

SINGLE INTERSTITIALS :
189 187 185 200 190 191 204 198 193 200 202 193 189 215 193

192 205 194 204 201 198 193 19n 198 201 189 137 130 214 199
* 190 201 200 200 208 203 204 204 20% 198 190 201 221 192 208
i97 201 Ly 192 143 220 209 149 221 192 173 222 226 157 222
204 180 223 205 194 222 214 183 229 189 193 229 iz 201 234
192 185 250 203 213 183 197 202 188 202 186 189 203 194 19¢
202 182 196 202 196 197 199 193 201 203 203 203 206 212 203
204 193 208 143 188 226 208 1% e2h 200 173 237 207 189 235

200 186 243

INTERSTITIAL CLUSTERS

2=INTERSTITIAL CLUSTER 197 203 197
197 202 196

2=INTERSTITIAL CLUSTER 151 201 199
191 02 200

2= INTERSTITIAL CLUSTER 194 130 23l
199 190 230
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ENUD OF HECORD ENCUUNTERED READING TAPE 3
JERCOD = H

witl EXIT
END OF FILE ENCOUNTERED ON TAPE 3

LISTING OF INPUT PARAMETERS

CRYSTAL STRUCTURE BCC
PROBLEM NUMBER NPR ]
FJRST TIME STEP NTHIN

LAST TIME STEP NTMAX
NUMBER OF ELEMENTS NE
TABLE L1STING PARAMETERS NPR
JUMP WIETORY NEQUEST LIST
CHECKOUT MODE CHi
RANDOM NUMBER GENERATOR @

0,3~=3 REY COPPER

LI T
«00000400000¢

4102.15+DIRECTION 2
PROBLEM NO, H

ELEMENT TABLES (INPUT DATA)

DEFECT POPULATICN
TYPE CLASS NUMBER
1 19

3
3
?
4

N
o e

4§ TYPE 1
AT TYPE 2

0,3==3 KEV COPPER
51D2+15+PIRECTION 2
PRUBLEM NO, 2

ELEMENT TABLES (INJTLAL CONDITIONS FOA §3MULAT|ONY

DEFECT PORULATICH
TYPE CLASS NUMBER
1 19

1
12 5
1 3
1 ?
2 1 Al
7z 2 5
a6 TYPE L
AT TYPE 2

¢,5==3 KEV COPPER
81D2.15PIRECTION 2
FROBLEN NO) 2

TIME STEP 20

DEFECT FOPULATION
TYPE CLASS NUMBER

) i

] 3

i 3 3

i ] 2

H L 3

H 1 .
Al TYPE 1
4z TYPE 2

FRENREL PA[RS ANNIWILATED

TIME PALR

L4 s2 1%

& (1) 19

8 57 16

10 3 3

15 LL . 1
T FRALTY  CuM
L) 1 1
[ 1 H
] 1 3
10 1 4
13 i 3

CASCADE PROGRAM RAN ALL CASES TC COMPLEYION

CLUSTER PROGRAM NOT REBVESTED
WiLL NOW WRITE END OF FILE ON 3+ REWIND: UNLOAD+ AND CAyL EXLIT

3 TH PROELEM
181425162400

MA[N&
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S—

P



JAERI-M 8178

Appendix 13 Card Setup for CASCMARL to Solve the Same
Problem as in Appendix 11

Q*tl!lll!ll*.llIZDC|O*IIII3III.*|I'.all!.*l|';5|l!'*ll.léll.l".ll?.lll*ll"s

!
'
;
i
i
I
i

Ce4/CORE 256
w.0/PAGE 40
P.C/PCH 0

¥GJOB 3100035.TA,ASAOKA,431,21,SSLNONLN /00331
$DLIED JO0S51+CASCMARL «GRFD=0ONCOMLIB=CALL +RBSPC=90+DIRCT=200
- SGMT MATN

SELECT RELEBINCFTMAINIDINGVRRD NG RSKTP+BTERR1EREX +GGGG+ ]CHEK +RESET s /
ERRCRA,UNLOAD s INTF o XINTF v STGNF sMINLF + XMODF « XMAXOF 2 SETIXy /
: FLOATF +XABSF +SQRTF ¢ABSFeEXPF ¢ATANF 4 XXXXyRANGE + /
t BLOCKD.HANDU'RRNUM.START-BLCKl-DRAN)
t SGMT MATN3 s CHN=MA I N
; SELECT RELBIN(MAINS;BBBBnMIDPTVcPRINTIaMleTI|HEANDoDlSTSoDISTD-ST0RE- /
PRINT
SGMT MAIN3L +sCHNmMA NG
SELECT RELBINCMAIN3L yAAAAVACCLUWPRINTV . INTCLUCOMPRY «COMPRI)
SGMT MAIN32 vCHN=MA N3
SELECT RELBIN(MAINIZCCCC VACCLF «PRINTF INTCLF +COMPR)
: SGMT  DAJGUCHN=MAIN3
5 SELECT RELB[N(CENSUSQCLEARICLOSEOCONECTlCORL!D]NTY!DS@!FPSTAT.FRENKL. /
DAIGUT + INCHy INFOWINPR s INPUT+ JPROBw JUMP +LIST1 L 1ST24OCTIN/
PANIC+PRMUTE +SJD«TPRWUPDATED
SOMT  MARL+CHNaMAIN

SELECT RELBIN(DETAILlEVENTlEXTRA:MARLOW!ICLOCK\INELASQINELSTl[NPUTM| /
L]NERtMEHLEROORGIVQPOTENS|pOTEvaPOTSET|RANGEM'REPORT| /
SAVElSEARCH‘SELECTnSE@UINoSINGLEGSKATR!SLAVE!TVAHP\ /
ARNORMBCCROFCCRE +CHANGE)

SGMT MAING +CHN=MA N
: SELECT RELBINCMAING+EEEE SPLOT+GRAPH)
| FIN
? ¥DRUN

¥DISK  FO1

¥DISK FO2
i #Disk FO3
: ¥DI5K FO4

$DI15K Flo0
| ¥D]SK F12
| ¥DISK FL1l3
i $DISK Fla
| ¥FD  F78+DUMMYDEVD=DA
; $DATA

2552347271400

0

5iD1+15+0.5=-=3 KEy COPPER

5102+13+DIRECTICN 1 1111

SCRYSTL+1+FCC

s 3PCHG'29§29UzqtpMA55063'63163vED|7t7|7|
3CLATT'3uﬁlQTnPMAXX|2nRELAXI5|XLMDA|l'
3X0+¢356,951631Y0+331,64873420+394,90598,
3C05A+0,27560203+CO5840.134372204C05G+0,95183383,

3E041230.7,

0. G.

0,5==3 KEV COPPER FCC
EXTAL ALAT=3%#3,614TDO'NTYPE=LoNE[GH®18 W=63,54DC+2=29D0VPR=T %

cu
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FATAL ALAT=3#3, 414 TOOSNTYPESLWNE |GHal8
cy . .

wabd 54001282900 VPRET ¥

T ST T ST SO SO Sy S S T YT LI RNl (AT ER TR AENRL TRTTY
1 0.5 0.5 0.0 b 0.3 Y e, 0.9 Fcc oalo
1 U.5 0.5 0.0 1 =0, =05 2.0 FCC 00%0
1 g. % 0.0 0.5 1 0.5 0.0 =05 FCC 0030
1 0.2 0.0 0.5 1 -045 0.0 =043 FCC 0040
1 0.0 0.5 0.5 1 0.0 0.3 0.5 FCC 0050
1 0.0 =G5 0.5 1 9.0 =0.% 0.5 FCC 0080
1 1.0 0.0 0.0 1 =1.0 0.0 0.0 FCC 0070
1 Ut 1.8 0.0 1 0.0 «1.0 0.0 FCC 0030
1 0.¢ [ 1.0 1 9.0 0.0 =1.0 FCC 00%0Q
¥VPAR HRAR(1+12e738D=4 ¥
¥MODL RB®&42D+2+620-2+EDISP=7D0.EQUITATDOEBND*TD0 ¥
¥OUTP INFORM=6#T« INFORM{B)#T +DRNG=23D-2 ¥
#PRQJ MAXRUN®RO,LOGED *
“RGEN21109731072.
4% TAPE +UsKRECRD + Do KPRINT y=114
0.5==3 KEV COPPER
5]102+12DIRECTION 1 :
FANNEAL NPROB=1shTMAX®20.NPR|920420:20LASTaT 1L 1STuF1BCCaF &
! R >
4KSAT 0
GNDELK 1D« NDELY CaNDELZ 0y
SCRYSTLeLeFCC
FCHECK s Uy
.
0 0 [’
5101+1540,5+=3 KEv COPPER
5102+15DIKECTION 2 111
SCRYSTL1FCC
C IPCHGI2Y 129129 PMASS 6316363 EDv T T T
JCLATT*3.6187+PMAXX+2vRELAKsI v XLMDALY
3X09351.52958+Y01356,95163+20:342,49281,
3COSA0. 391990 74+C0O58 0, 15403924,C05G40,79107726.
JEUC1B0S, 24
4KSAT L
L. 0.
0.5==3 KEV COPPER

1 0.5 045 U0 1 G5 T 0.3 9.0 FCC polo
1 =0.5 [+F%.) ‘0.0 1 =C.5 =05 0.0 Fcc 0020
1 U.s 0.9 Usd 1 0.5 0.0 0.5 FCC 0030
1 -0, 0.c 0.5 1 =0,5 0.0 =C.d FCC 0Q&0
1 0.0 05 O+3 1 0.0 043 =03 FCC 00%0
1 0.0 0.5 Q.5 1 .0 0,5 =05 FCC ODeD
1 1.0 0.9 0.4 1 =1.0 0.0 0.0 FCC 0O7Q
1 0.0 1.0 0.0 1 0.0 =1.0 0.0 FCE 0080
1 v,0 0.0 1,0 1 0.0 0.9 =1.C FCC QO%0
¥YPAR BPAR(L1)m7340=4 ¥
$MODL KB®42D=2+620~2+EDISP=TO0EQU] T=700EBNDRTDO ¥
¥OUTF INFORMmGwT [NFORM(B) =T \DRNG#25D~2 ¥
¥PROJ MAXRUN=Q\LCG=0 &
GLHGEN®21109731072,
....»....1....‘....2....-....3....-‘..-6..--*--..5...-n....6....~.-..7....o....5
4KTAPE 0 (KRECRD YO KPRINT y=1
0,5==3 KEV COPPER N
5102y 15+DERECTION 2
SANNEAL NPROE=2'NTMAX®Z0 NPR[®204,20120¢LA5TaT LI5TuFBLCuF ¥
=1
GKEAT O
GNDELXQNDELY «DoNDELZ O
SCRYSTLa1F LG
JCHECK + Uy
1 o] 1150 350 200 1%0 300 200 l5C 350 200

200 200 200
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Appendix 14 A Part of Output Print of CASCOMARL for the
Problem of Appendix 13
MARLOWE  BINARY COLLIS[ON CASCADE SIMULATION (VERSION 103 DATE T9a0i=08"
CASCADE NUMBER 1 .
POLAR ANGLE 17,8333 DEG ALLMUTHAL ANGLE - 23,9920 REG
DESCRIPTION OF PROJECTILE
COLLISION  CASCADE FILE  ATOM TYPE  KARMA  ENERGY (E.¥Y) PIRECTION CUSINES
0 L c i 100 1236,70 0,275602 0:134372 C,051838
& PRESENT POSITION REFERENCE SITE ORIGINAL SITE
98,5000 91,5000 10%,000 93,3000 91,5000 109,000 93,3000 T W1, 5000 15% 0%
MINIMUM SEARCH DISTANCE 0,276648E«01
o
SUMMARY OF CASCADE NyMBER 1
NUMBER OF ’ NUMBER OF .
COLL 1S |ONS 193 ATOMS ESCAPING PRONT SURFACE [
ATOMS [NVDLVED (L] ATOMS ESCAPING BACK SURFACE ¢
VACANCIES REMAINING L1 TRUNCATED STENONS ']
INTERSTITIALS nEHAmme + LONG !EPLACEN!NY SEQUENCES ]
PROPER REPLACEMENTS 3 REDISPLACED CASCADE ATOMS [4
IMPRQFER REPLACEMENTS 0 LOBT  PHOJECTILES 3
ENERGY (E, ¥4} ENERGY (B, V)
INELASTIC LOSS 27,9646 CARRED THROUGH FROWT sunnce 9,9
REMA[NING KINETIC 143,372 CARRIED THROUGH BACK sUNFATE 0,0
SUATHRESHOLD LOSS 411,364 CARRIED BY REDISPLACED ATONS D)0
LOST TO BINDING 393,000 RED1SPLACEMENY W!Esuow 0,0
FOR DAMAGE 118214 REPLACEMENT THRESHOL| 358,386
CONSERVAT[GN TEST 1237, 10 CARRTED BY LOS?T neJ:ctlL:s 6,0
ANALYS!S OF REPLACEMENT SEGUENCES .
[SOLATED REPLACEMENTS 17 SEOUENCES OF LENGTH 2 ] SEQUENCES OF (ENETH 3 o
MAMLUNE  BINAKY LULLISIUN CASCADE BIMULATIUN (VERSITRNTTUT TATY TV=ULISUT
SEQUENCE ’ NUMBER OF SEHUENCES OF EACH LENGTH
DIRECT[UN 4 5 6 r B 9 0 11 12 3 14 5 - e 1T 18 19 20+
TOTaL - 1 1 u u 0 9 0 ] [ [} [ 0 4 [} [ 0 0
e o1 1 a 9 ] o [ o ] [ 0 o o 0 0 0 o o
111t 0 1 0 ] o ] o [ ° [\ 0 v 0 o o 0 o
. PRIMBRY RECULL WANGES )
VYECTOR b.23TI897 BERETHAT ) ON 5, 74580640 SPREAD 2,0274508 TOTAL PATH 6,796052%
THE S1STRIBUTION DF vACANCY=INTERSTITIAL SEPARATIONS
paln VACANCY INTERSTITIAL SEFARATION PaIR VACANCY INTERSTITAL SEFARAT |ON
NUMBER TYPE  FILE TYPE FILE DISTANCE NUMBER TYPE  FILE TYPE FILE DISTANGE
1 4" ? 1 i 0,93999%03E=10 ? ol 11 w1 11 0, iCOCOGO0E=0%
3 cu ol 17 cu o1 12 0,10000002E=09 [ [V 17 w1 17 C,48016183E-03
5 ol 6 cu 1 & 0,97854924E~0 [ PV 15 tw i 15 0,760809T1E=02
- 7 [T 2 [T 26 D,65e32509E=02 5 ol 28 [{TIY 28 0,79759919E~02
= 9 ol 26 i1 H 0. B6243T29E=02 10 w1 3% ST EH 0,95863613E-02
. 11 [T Y] [T 42 0, 107T31747E=0L 12 ol 64 w1 44 0,11842507E=01
13 U1 57 ol 57 0,13195931K~01 14 u 1 60 w1 60 0,13485114E=01
1% o1 a7 vl .7 0,1366B367E=01 1¢ w1 58 AV EL] 0,15144817E401
iy cy 1 L1 cy o1 48 Q,35913204 18 [V 13 [SVIRN § 13 0,38023815
19 AV 39 ool 39 0.4016121¢ 20 Wl a9 Wl 22 0,46993023
Z1 [V 10 w1l 10 C.07853677 22 [ 38 [V T4 0,69429632
23 w4 52 cu 1 B0 0,71862421 24 w3 a1 <V 12 0,7186932¢6
25 ot 45 Wl B2 0,7265910% 2 [T 30 o1 15 o,72296069
27 cu 1 56 w1 85 0,72328024 28 U1 33 VY [ 0,12368874
29 w1 4g w1 69 0,72313614 30 TR 20 w1 20 0,7T2379878
ai [<TRNS | 40 o1 66 0.906298%0 32 [V 31 [TIERY 19 0.,92571%67
33 Ui 29 [T 2y 0,9433633% 34 o 23 (TR 10 1, 0165201
a3y [<TRERY ar [<TRNS 73 1,0467611 36 U1 19 Wi 85 1,2083000
a7 U1 H ol 7 1,2395973 38 w1 34 v i 81 1,430T419
39 [Vt il w1 38 1.5731611 »0 oL zz o1l 16 1,3908740
4l o1 25 vl 18 1.3952431 [+ ST 7 w1 77 2,1367013
“3 [TRSY 9 TS 79 2.5631843 w4 [V 1 16 v o1 Bé 2. B84THAY
45 o1 B [Vt 83 3.5834320 ut ol 18 [4VI) 58 4,1931324
47 ST 3 cu o1 50 4,8320285 ] cu ol 4 w1 59 %, 8884817
49 w1 1 cu 1 62 1%.689820
FInAlL YALUES OF  RAN = 23260802816
TIME (SECONDSs FACOM=T%) SPENT [N
EVENT SEARCH SEATR ORGIY
1,00 1.00 0,0 0.0

ChSCADE STORAGE WSED 1)
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LU YAUANLY CLUSIER SLEE ULATRLIBUYTION ANV DEPLOYMENT FRUGRAM: NMM [ (Y

0.9==3 KEV COPPER

NUMBER OF [NPUT VACANCIES 49
NUMBER OF UNSTABLE PAIRS 35
NUMBEK OF STABLE VACANCIES 14

TYPE OF CLUSTER

NUMBER OF CLUSTERS

1=VACANCY 6
2=VACANCY 1
3=VACANCY 2
SINGLE VACANCIES
198 184 219 137 187 225 191 1as 227 189
z05 148 228
VACANCY CLUSTERS
v 3=VACANCY CLUSTER 199 184 £22 :
199 185 223 ...
199 186 224
3=VACANCY CLUSTER 201 184 224
202 183 224
203 182 224
2+VACANCY CLUSTER 206 185 226
206 186 €27

BLL VALANCY LLUSIER SI1ZE DISTHIBUTION ANV DEPLOYMENT PRULFAM: NMHTLY

0,5~=3 XEV COPPER

NUMBER OF InNPUT

INTERSTITIALS

NUMBER OF UNSTABLE PAIRS

49
33

NUMBER OF STABLE INT

TYPE OF CLUSTER

ERSTITIALS 14

NUMBER OF CLUSTERS

1=[NTERST|TIAL 14
SINGLE INTERSTITIALS
2048 lg2 225 207 183 229 117 i9% 237 197
200 161 222 199 188 230 204 190 225 201
204 179 226

202 190 229 191 193 233 206
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192
178
188

227 198 190
228 203 179
222 186 182
23

227

223
223
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END G RECQRD ENCOUNTERED READ[NG TAPE 13
1ERCOD = 5

wiLl EXIT )
END OF FILE ENCQUNTERED ON TAPE 3

LISTiING OF TNPUT PARAMETERS

CRYSTAL STRUCTURE ' BCC = F
PROBLEM NUMBER . NPROB = 1
FIRST TIME STEP NTMIN = 1
LAST TIME STEP NTHMAK » 20
NUMBER OF ELEMENTS NE - 28
TABLE LISTING PARAMETERS NPR = 20 20 20
JUMP H[STURY REQUEST LIST = F :
CHECKOUT MODE CHECK = L
AANDCM NUMBER GENERATOR 6 «0000000000U0

0,3==3 KEV CCPPER
$1D2115DIRECTION 1
FRUBLEM NO. 1L )

ELEMENT TABLES CINPUT DATA}

DEFE&T FOPULATION

TYPE CLASS NUMBER

1 1 &
1 2 1
1 3 2.
2 1 14
14 TYPE 1
14 TYPE 2

0,%==3 KEV COPPER
$1D2115+DIRECTION 1

PROBLEM NO, 1

ELEMENT TABLES {INITIAL CONDITIONS FOH STMULATION)

DEFEGCT POPULATICN
TYPE CLASS NUMBER

1 1 &
1 F 1
1 3 2
2 1 14
14 TYPE 1
14 TYPE 2

0,%==3 KEV COPPER
21D2115BIRECTION 1

PROBLEM NO. 1.
T|ME STEP 20

DEFECT POPULATION

TYPE. CLASS NUMBER
5

[T

F 1
3 2
1 9
2 2

13 TYPE 1
13 TYPE 2

FRENKEL PAIRS ANNIH]ILATED

TIME PATR
20 22 6
T FRA(TY  cuM
0 1 1

2 TH PRCALEM
MA [N&

MAINL
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MAERLUWE JINARY COLLFS10N CASCADE SIMULAT[ON (VEXSION 103 . DATE T9=l1=08

COMPUTER MADEL FACOM=TS
DESCRIPTION OF THE CALCULATIONAL ™ODEL
0.5=-=3 KEV COPPER FCC
CRYSTAL LATTICE CONSTANTS (ANGSTROMS) 3,6187000 3, 6147000 ’ 3,.6147000
UNETS USED 1IN REPQRTING RE3ULTS
ATOM AnD SITE LOCATIONS ARE IN QRTHORHCMBIC CELL EDGES.

O|RECTIONG ARE FROPORT[OMAL TQ MILLER INDICES,
LENGTIKS ARE [~ UNITS OF LATT|CE CONSTANT 3.

ATCH  TYPE CHARGE MASS (AMUY ATOM  TYPE CHARGE MASS (AMU)Y

cu 1 29.000000 h3,.340000

DESCKIPYION OF CRYSTAL
NETGHBWRS OF CuU ATQM (TYPE 1)
Z

aToOM  TYPE x ¥ ATOM  TYRE x ¥
cu 1 0.%00000G7) 0. 50000000 9.0 cy L 0, 30000000 =0, 30000000
cy 1 =0,50000000 0.+350000300 0,0 Cy 1 =0.50000000 =0,30000000
4] 1 0.50000000 0.0 0,32000000 Cy 1 0,50000000 0.0
V] 4 =0.50000000 Q.0 0.5000000¢ Cu 1 =9,30000000 0,6
fa’] i @.0 0: 50000200 0.50000000 [&¥] 1 2.0 0,50000000
c 1 Q.0 =0.%0000000 ©.30000030 cy 1 0.0 -0,30000000
cu 1 1.7900000 0.0 8.0 Cy 1 =1,0000000 8.0
ey I 0.0 1,0006000 8.0 cu 100 =-1,0000000
cu 10,0 0.0 1.0009000 Cy 1 0.0 0,0
LOCATIONS OF vACANCIES PRESENT AT START OF CALCULATION
FILE SITE X ¥ I3 FILE SITE X Y
L o¢u L 38,3560000 91,500000 10%.90000 vl 98, 000000 93, 000000
LR VI | ¥%,000000C 94,000000 113,00000 . 4. Cu 1 #4,000000 94,000000
5 Cu oL 94,500000 94, 500000 11%,90000 & CU 1 9%,000000 91, 300000
Tocu o1 99000000 9z, 000000 111.0000G 8 oftu 1 99,000000 92,500000
9 Cb oL 10%,00060 91, 500000 111,50000 PYI T 100,350000 91,000000
11l £01.00L00 9g, 500020 111.,%0900 2 cu 1 l01,%0000 92000000
13 cu 1 101.90000 92,%00000 113,00000
LOCATIONS O (NTERSTITIALS PRESENT AT START NF CALCULATION
FILE ATOM A Y 4 FILE ATOM H ¥
1 w1 103,50000 91,.000000 111, 50000 z cu 1 103.:50000 91.500000
3 ol a8, 008000 9§,000000 118,00000 & < 1 9&, 000000 %&,000000
5 U 1 100.,%0000 B8, 503000 11L.00000 e CU 1 9%,300000 94 . 000000
MARLDOwt EINARy COLLIS|ON CASCADE SIMULATION (VERSION 17} DATE 79=01-0D8
LOCATTONS OF [NTERSTITTALS PRESENT AT START OF CALCULATION
FILE ATO™ 3 ¥ I3 FlLE ATOM X Y
T oy o1 100,00000 %3,%00000 116.,50000 [ AT 102, %0000 96.500000
3 U o1 100.00000 88,5u0000 11950000 10 cu 1 93.000000 90,500000
il Cho1 101, %0000 88, 50c000 113, 00000 12 cu 1 9%,%00000 $3.500000
13 o1 9%, 000u00 §7.5000N0 11%,50000

THE CR¥5TaL 15 INITIALLY PERFECT,

THE CRYSTAL HAS NO SURFACES,

THE INTERATOM|C POTENTIAL
VORI (CZ (]I RZ{ ) *Ewed) R w0, ISREAP (=0, J0#R/B) 40 SOSERP{=1 2eR/B)+0, LO#EXP (=4, QuR/8Y)
THE VALUES OF B ARE IN ANGSTRDMS
e ATOMS, ... B S ATOMS L 3 Voo JATOMS L,
Ly 1 +Cl 1 0,73E00000E-CL

THE ELECTRON|C ENERGY LOSS FUNCTION
BeR g m(FE¥SORT(E2F(PI#FR##2) 1#0, 0458F XP{~0.38R/FR)
THE UNITS QF FR ARE SEWT(EV)#(ANGSTROMSs#2), THE VALUES WF FR ARE IN ANGSTROMS,
s ATOMS . e FK FR wee ATOMS ., FK FR
[V T S 1 2, Talbee5 0,73800000E-01

THERMAL v]RRATIUNS ARL NOT [NCLUDED.
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S1nhRy COLLISIGN CASCAPE SIMLDLATLON (VERGION 1O)

CASCADE NUMBEW 1

TATE T9=01=08

POLAR ANGLE 37,7137 132 SLIMUTHAL ANGLE 14,5869 BEG
CESCRIPTION U FRUJECTILE .
coLLISION  CASCADE FILE  ATDM TYPE  KARMA ENERGY (E.¥.) DINECTION COSINES
=) 14 cu 1 100 160%,20 0.5%1998 0.13%405% 0. T91077
PRESENT POS|TION REFERENCE S!TE ORIGINAL SITE
9T.000C 98,5906 94,5000 97,0000 §8.3000 4, 5000 §T.0000 98,5000 94,5000
MINIMUM SEARCH DISTANCE 0,276648E-GL
SUMMARY OF CASCADE NUMBER 1
MUMBER QF NUMBEN JF
COLLIG[ONS T2 ATQMS ESCAPING FRONT SURFACE 0
ATOMS [NVOLNED 113 ATUMS ESCAKING BACK SUKFACE ]
WACANGIES REMAINING &7 TRUNCATED STENONS Q
INTERSTITIALS REMAINING ar LONG REPLACEMENT SEQUENCES [+]
PRUPER REPLACEMENTS 3 REDISPLACED CASCADE ATOMS ]
IMPROPER REPLACEMENTS 0 LLST PROJECTILES [¢]
ENERGY (B, ¥.) ENERGY (E: Vi)
INELASTIC LOSS 107,7¢6 CARR|ED THROUGH FRONT SURFACE G,0
REMAINING KINETIC 255,728 CARRIED THROYGH BACK SURFACE 0.0
SUBTHRESHOLD LOSS 45T, 768 CARRIED BY REDISPLACED ATOMS DU.D
LUST TO BINDING 7191.000 RERISPLACEMENT THRESHOLD Q.0
FOR DAMAGE 16497,49 REPLACEMENT THRESHOLD 146,635
CONSERVATION TEST 1612.20 C4RAED BY LOST PROJECTILES 0.0
ANALYSTS OF REPLACEWENT SEQUEMCES
ISOLATEY REPLACEMENTS 19 SEQUENGES OF LENGTH 2 7 SEQUENTES OF LENSTH 3 2
FCU YACANLY LLUSIER SUILE CIDTRIBUTION ANU DEPLOYMENT FRUGHAM, NM& (/Y
¢,5--3 KEV COPPER
NUMBER OF TNPUT VACANCIES a?r
NUMBER CF UNSTABLE PATRS 35
NUMBER OF STABLE vACANCIES a2
TYFE OF SLUSTER NUMBER OF CLUSTERS
1=vACANCY 13
2eVACANCY ]
3=VACANCY 3
SINGLE VACANCIES
198 lia 21% 157 187 225 191 139 22T L 1E9 227 194 190 22T
193 198 190 196 199 182 198 205 1%6 138 193 190 200 1% 192
199 200 1%6 196 201 193 199 192 196
V_AcANCY CLYSTERS
3=¥ACANCY CLUSTER 199 184 €22
15% 185 223
15¢ 186 224
3=VACANCY CLUSTER 201 134 22a )
202 182 Erl)
203 142 224
Z=-¥ACANCY CLUSTER 206 183 22p
204  i8s 227
I=YACANLY CLUSTER 197 138 183
X 197 159 19
198 197 194
2=VACANCY CLUSTER 1494 201 192
1¥6 202 193
2=VACANCY CLUSTER 196 03 l¥s
19s 06 Lwe
2-VACANCY CLUSTER 197 197 19l
198 197 192
2+yACANCY CLUSTER 195 211 195
194 211 19¢

BeL VACANLY LLUDIER 314E Ut>
6,3==3 KEV COFPER
NUMBER OF INPUT INTEKST{TIALS

WUMBER OF UNSTABLE PAIRS
NUMBER OF STABLE INTERSTITIALS

TR [BLT [UN AND GEFLOYMENT HRUGRAM, NMF 103

&7
55
3z

TYPE OF CLUSTER NUMBEA OF CLUSTERS

1=INTERSTITIAL az

§INGLE INTERSTITIALS
208 18 225 208 184 227 177 136 233 187 194 232 203 1T 220
0L 181 223 200 188 b2 208 154 222 200 iTe 223 187 182 224
204 178 229 200 188 229 191 195 233 208 209 191 196 208 189
198 196 199 198 212 193 200 208 19% 202 202 197 137 201 205
194 202 201 203 204 198 19% 193 193 200 132 187 200 1% LT
192 207 194, 191 21% 157 200 198 195 203 194 200 19% 168 196
178 07 200 191 212 19%
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END Ur WELUMY ENLUGNTENED KEADING TAFE '3
[ERCOD = 5

|
i WILL EXIT
: END GF FILE ENCOUNTERED ON TAPE 3

LISTING OF [NPUT PARAMETERS

‘CAYSTAL $TRUCTURE BCC = F
PROBILEM NUMBER NPRQEB » 2
FIRST TIME STEP NTMIN = §
LAST TIME STEP NTMAX = 20
NUMBER OF ELEMENTS NE - b4
TABLE LISTING PARAMETERS NPR_ =« 20 20 20
JUMP HISTORY REQUEST LIST = F
CHECKOUT ™oDE CHECK » |
RANDOM WUMBER GENERATOR 6 »000000000000
0,5==3 KEV COPPER
81021 15DIRECTION 2
PROBLEM NO. 2
ELEMENT TABLES C(INPUT DATA)
DEFECT POPULATION #
TYPE CLASS NUMBER
1 1 13
i H 5 ) i
1 k] 3 : u
2 1 32 * 3
32 TYPE 1 .
32 TYPE 2

09,5==3 KEV {OPPER
5[02+15DIRECTICN 2
PROBLEM NO, 2

ELEMENT TABLES (INITIAL CONDITIONS FOR STMULATION)

PEFECT POPULATION
TYPE CLASS NUMBER

' i 1 12
b3 H H
by 3 3
H 1 32 %
32 TYPE 1
37 TYPE ¢

0,%~=3 KEVY COPPER
31D2+15+DIRECTION Z

PROBLEM NO, z

TIME STEF 20 . . *

DEFECT PORPULATICN

TYPE CLASS NUMBER

1l 1 12
12 5
i 2
71 1a
2 2 5
28 TYPE 1
28 TYPE 2

FRENKEL PAIRS ANNIH|LATED )

g

TIME PAIR

% 41 19

5 49 a2 f’ §

] 60 10 - ¥

a 62 13 ’

1 &
T FPA(T). (UM |
4 1 1 i
H 1 2 -
&4

] 2

3 TH PROBLEM . o
3T40L160Z800

MA | N4
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