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Report of Workshep on Computer Simulation of

Atomic Collision Processes in Solids
Research Committee on A & M Data, JAERT

(Received December 5, 1983)

A workshop on the computer simulation of atomic collision processes
in solids was held at the JAERI Headquarters, Tokyo on January 27, 1983.
The aim of this workshop has been both to obtain an overview of
the computer codes on the atomic collisions in solids and to discuss
the calculations of such particle-material interactions in fusion
reactors as damage distribution, hydrogen recycling, atomic displace-
ment, damage annealing, sputtering, etc. by using these codes.

This report contains nine papers presented in the workshop.

Keywords: Atomlc Collision in Solids, Computer Simulation, Plasma-

Wall Interaction, Reactor Materials.

Editors K. OZAWA
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Table 1 Displacement threshold energy (Eg),
binding energy (E;) and cut-off energy (Ec)

for the iron and carbon atoms

| Eq (eV) Ep (eV) E. (eV)
Iron L 40 20 40
Carbon 3 3 40

Table 2 Classification of events in the cascade process

The incident particle with energy E;+T+( collides

with the target atom to give energy T.

The Q is

lost for the electronic loss and E; remains on

the incident particle.

Incident Particle

Displacement E; > Eq T > Eg (A)
Proper replacementk E, < Eg (B) T > Eq (A)
Imprbper replacement E1 > Eg T < Eq (B)“_
Interstitials ) Ey <Lg (B) | T<Ey (B

The (A} and (B) denote the energy loss due to the cutting of

bindings and the subthreshold collision, respectively.
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Table 3 Results of displacement cascades in the pure ion
(Case A) and the iron containing carbons {Case B).
Normalized te an injected ion.

Number of Case A Case B
Collisions 9871 9920
Atoms involwved - - 1053 ' 976
Vacancies remaining 663 620

Interstitials remaining | 664 - 621
Proper replacements 388 355
Improper replacéments 0 0

Energy (eV)

Inelastic loss 923871 930382
Remaining kinetic 17513 15579
Subthreshold loss 37271 i 34633
Lost to binding 21058 19140
For damage : 76076 69593
Conservation test | 999713 . 999734

Table 4 Number of defects yielded at each simulating stage.
Normalized to an injected iom.

} Case A Case B

! Vac. \ Int. Vac. | Int.
Stage 1 % 663 1 664 619 620
Stage 2 271 272 253 254
Stage 3 W 161 162 150 151

_61 —
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Table 5 Size distribution of defect clusters at each
gimulating stage. Normalized to an injected
1011,
Case A Case B
Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
size| v | I v I v I v I v I v 1
1 |186.3/521.5 |170.3 | 263.4 [112.7 |129.6 |174.2|487.9 |156.3 |244.9|103.7 | 121.0
2 150.3 54.5 | 32.6 | 4,51 | 17.7 | 14.8 | 46.5| 49.9 | 31.0 | 4.34 17.0| 13.9
3 | 28.3] 9.00 | 7.83 | .946-1] 3.39 | 1.10 | 26.2| 8.49 | 7.40 | .140  3.07 | .946
4 |15.8 1.34 | 2.08  .823-2.695 |.453-1] 14.5 1.36 | 2.04 .708 | .453-1
5 .9.24..313 | .626 .119 | .823-2| 8.69(.308 | .511 .156
6 | 5.94].946-1|.119 \164-1 5.56|.823-1 .193 .453-1
7 | 4.58).823-2{.494-1] 1.0 4.03].288-1] .494-1 1641
8 | 3.04].412-2).123-1 8232 2.91].411-2] .411-2
9 | 2.11 123-1 2.13, .411-2
10 | 1.69 1.40 -
11 | 1.14 i 1.03;_
12 10,774 L7701 ‘
13 | .580] 617
14 | .407 403
15 ' .251 | a .272 1
Table 6 Mean depth of defects yielded at each
simulating stage. Normalized to an
injected ion.
Case A EF Case B
vac. (&) | Tnt. (&) | Vac. (A | Int. (B
Stage 1 7034 7039 | 7559 7563
Stage 2 | 7183 7195 | 7707 7717
Stage 3 7189 7206 7717 . 7734
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Fig. 1 Comparison of defects distributions in the depth direction
calculated by the multi-collision method and the LSS theory.
The carbon ions with energy of 1 MeV are injected in the
iron target. The mean depth is 7822 A and 6929 A in the
multi-collision method and the LSS theory, respectively.

Superposition
—
MARLOWE : Simulation of displacement cascades

CLUSTER Stage 1 : Classification of defect clusters

Stage 2 : Spontaneous recombination of
DATQUIRI Fgenkel pairs

Stage 3 : Annealing of interstitials

PLOT : Plotting of defects distribution

Fig. 2 TFlow chart of the CASCMARL code system
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Spatial distributions of vacancies in the depth direction
in the pure diron (Case A) normalized to an injected ion.
The stages 1, 2 and 3 correspond to the results of the
cascade simulation, the spontaneous recombination and the
annealing of interstitials, respectively. The line L means
the total number of defected lattices which are included in
the clusters larger than L in size.
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Fig. 4 Spatial distributions of interstitials in the depth direction
in the pure iron (Case A) normalized to an injected ion.
The notations are the same as those in Fig. 3.
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Spatial distributions of vacancies in the depth direction
in the iron containing carbens (Case B) normalized to an
injected ion. The notatiomns are the same as those in Fig. 3.
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Fig. 6 Spatial distributions of interstitials in the depth direction
in the iron containing carbons (Case B) normalized to an
injected ion. The notations are the same as those in Fig. 3.
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Spatial distributions in the depth direction with respect to
the rest ions injected in the pure iron (Case A) aund in the
iron containing carbons (Case B). BRoth the cases are
integrated to 243 ions.
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8. Damaget tfSputteringitEHilcBlF 2T F A0 0
vIialb—iayv
FELFER ikt 28

1. &

%E

A& YIRS BEHGRERFFNCHM LTS #E S /4 OR#EE, BoltzmannA#
KEBLECLDFHITRELZED LD TH S, L LMD, HENICH - T, FEEKSR
DFNG, —RBICFECELITEL, SSKEROSE, SAFSORMBAFEREE S o IKERHIC
LTng, CNOBAOEENBERMERER E T NICEIBEREERT ANy 8 ) Y I7ED
BB R Y S LY a YABL TR LA THRICESBANE,

WL, BAENRTEEEES Yo b—YavydahEELTARRTSE

1} Molecular Dynamics &

2) Monte Carlo #

LiidH B . Molecular Dynamics i23% VT3 Newton FEERX A4 D% % time —dependent T £
e s Y BUR, EEEPBREETE LR S LEFHE S, AR
BarBEEL, BxarF-—OH A - FRIBCEZ{ DMENES L. LALEHOREATH
D.E. Harrison Z3 EA AV 2Ny 7 ) VKB ABEFOABEREE Ty Iav—Yva vtk
DEEMH TS i, Monte Carlo B & DEETRHAHBEHNR, FRBHNRIEETE
75w, BAE, Monte Carlo i KABAANRFENO Y {a—Ya & LTHE

1) Betz and Shimizu's method 45,6

2) MARLOWE

3 TRIM

4) ACAT Y

5) non-—linear Monte Carlo simulation
HEBHL, LToBRBCTHEBIZIASD I -FOEZEFKLTA S,

2. Monte Carlo simulation D458 & BIEES

21 Betz and Shimizu’s method
ORI TEZOMBICEC TELICHC SN TY S HET, BYHEHEBEHRITHEE
EFRLCHEENEEESLERT 5 5ETH S, (Fig.18H) | FHOOHTHR
S;= 4&nR (R: —RRELED

Monte Carle Simulation for Theoretical Calculations of Damage and

Sputtering Processes, Yasunori Yamamura, Okayama University of Scilence
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()= sromrer (N : FIOHER)
¥ [ 77777 7
ey, é////specnmen///
differentiai . 1(-—--Ene,rgy loss
cross section takes place
do(e)
Bi L
- [aotle) SR
R I N F 7
oo _-_3.1-—" Scattering
dao(e)
LR / takes place
( Ri » 8 )
N T -:L,
‘.“":-L_pz-’ 7
R' ‘pl 1 !
i~ Z_Tt— ( R! > ‘PI )
R; R’ : Random Number (0<R<1)
Fig. 1 Schematic representation of
Monte Carlo trajectories
PATH OF PROJECTILE ATOM
PROJECTILE
SCATTEPRING
ANGLE, ¥
8,
| | |
IMPACT
PARAMETER, T = PATH OF BARYCENTER
s 5
l T+ 4
} N S L
TARGET
INITIAL LOCATION SCATTERING
OF TARGET ATOM ANGLE. ¢

PATH OF TARGET ATOM

Fig. 2 L trajectories of two particles interacting
according to a conservative central repul-
sive force. The positions of the particles
and of the barycenter are shown at the
apsis of the collision.
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O+ R 57202 D LEBTENT 5, FKLE

fraoo (3

T o COnndRIEL TS, 7 Walker HRIBEICOAZOHFFEEZHAL Tlnin & LTE,
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BEZERHOMENZETELLD, B4 VY ORBOFECIBEATENL, £/2da(0)
& LTI Winterbone @EMRARH 0T 5 M

2.2 MARLOWE o —F
MARLOWE 2 — FRARBERRCEBI 2RTHEL Y 124 M LI, fFofiica
— FTHLIMBERRICIGHT 28 &ICE, #&Sih4 random iz Euler D 2 EA Thlizd 5 &
WOHRMEER T3 HELZ 2AERILER © THE O, Ri1d 2 EMERIZE T 28LLRIE
W-THROLEEL TV S FOLDICROBEEFHILOWEREAREL T 5, (Fig.2)
R ORELE

¢=n—2s _[B dr (rPgir)] ™!

time integral

oo 1

2 -7
T=(R2—sz)%* J‘R{[g(r)]*l_(i—% bdr
Z i
B gz__V(r')%'
g([‘)— {17_[_2 Er}

FEio R hd s (2 impact parameter, E (3 relative kinetic energy, Rid glr)= 0 OB T:H
W% apsidal distance THb. 27z, v 3ELOEESICEGKL EE TEHLHEOREICH
SR TVE. Violid 2R #F ~ v » L TMARLOWE 2 — F Tl Molidre @ potentialz H v T
W5, JEEVESELS 19T4E DR TR Firsov T FAEF W TO A 19768 4 5 38w 4 Oelnz)
—Rohinson @ local model & ¢ impact —parameter —dependent W% H O CEBEL TV 4,
MARLOWE 7 — FTi3, fll A HEE ROBEOHF LES T FIVCIERITE  OME RS
B LOLBAOEREBSICE VT 2HAMEFANARRICLLYIab—-Yarya—-FLLTH
EERESE LSV, £/, 2AEMEEEUOSBEIBEREGHR TRELA SR ERES 720, 2
1OEVYFHLaTBT S Onn® k515 ambiguity 2878 0hAS mean free path #FiC4 5 ¥
Tal—vs VICBRNXTRMB2D 5.
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TRIM 7 — K & ACAT 2 — FOE i, —[EOMILAZTOMICKEBRELEA LA K
Nk EIEMNTS, Bl A1 granzing angle T84 4 VAR LBHADR Ny § —RFOBE
DM FNTHbD. Fig. SIERT LI RNy ) Y 7O E L TEE 2 DD mechanism 23
EZoNTD, ODEDFARHAA VDL BHERA A - FiILLB LI bD, 0ED LR
BAEPFEE TR RE L TE T oERREIC2 < 5 cascade iK L B & ST H 5 MY mE
BEAA VRS9 YV TEBOSELLMETEAA YAy 5 ) VI TERELL TERE
(Fig.5 @mechanism [) itk 3FGHRE V. EZHBEAF Y ORAH (02>70°C) KB
T, A AVEERBTEOBEREIC LS Ry 4 —OH (Fig.5 ® mechanism la) %%

MECRANISM [ MECHANISM 1@

Fig, 5 Sputtering mechanism for oblique incidence

Table 1 Comparison of theoretical angle of
preferential emission with experimental values.
Theory
Target Ion Energy Experiment
8 Bp Bp
450 eV 80°  43°  34° 40°P
1 keV 70¢  44°  37° 4522
. go® 57°  51° 4702
Ni H
4 kev 70°  58°  53° 5508
Bo*  69°  65° 7008
50 keV 70°  §1°  58° -
go*  72°  69° 76°R
4 kev 70°  64°  Bl° -
N1 He goe  74°  72° 76°2
4 kev 70°  37*  27° -
W H §0°  51°  44° 4504

a: Bay, Bohdansky, Hofer, Roth (1980) b: Bohdansky (1983)
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o 7 43 direct knock—out model OFFITE 0,3 6 = o TIRRKIEE b, £ORT I Fig.
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Fig. 6 Angles of preferential emission
as a function of angle of incidence
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Fig, 7 Angular distributions of sputtered atoms
for 450 eV H' —mNi
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2% eV Cu{100)}

36TA

Fig. 8 Cascade development by a 25 eV primary reccil atom

3. Non —Linear Monte Carle simulation

Moleular Dynamics @ 77 ik (3. MDA 04 & 5H5IERUHRITM DANBBINTES,
Monte Carlo it s Do v Markov BREREL TS0 T OfE O EE
Hh Lt 3 — FOFERRE 2 ¢ OWEENREA T 5. #4213 semi —dynamical method 13 At
BENTH B o & 57 F - 2 KRR CITID &= A ov+ — T3 Molecular
Dynamics HICAE L £5 & SRHTH B

w2 b E-oDiAE Monte Carlo simulationiZ T cascade DA FHIITIC B L £
v HRAETHB. MARLOWE, TRIM, ACAT = — F T cascade O F B (3 72 AR ICIBRF L
Twi, bbb, TRHCRLEE LB FRTEERLTEFICE>T S, TOnon —
linear Monte Carlo simulation TR GEE LAETF, &L 3R THET, 28
LT 5 RBET - EET 5 L S collision partner 2EA T %o

Figs. 9, 10, 11 K3 Z N ZN 3 keV Hs— Au, 1keV Ar—Au, 20keV Sby—~AgitEHB T %
cascade development % BRHEIICIBH L7 bDT, €T hsingle knock—on regime .

linear cascade regime , spike regimeiCXHIG LT %o
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FALF 2D non— linear simulation % 10keV® primary recoil atom ¢ displacement
efficiency DEHRICIEHE L, EHRASHEAFM L THI . Fig. 12id slowing down DBRICEH
T lattice atom & DEELEIFL, recoil atom [EIREO EELAIEL, #&FRIRT & O RGELEE & Bl
| OCTTHEE 5/ 6D T, CORD HHBRDE NEIFREHT TS BOnB T 0
EEE A R — FOSRA LT Anffeth AR L T b, T — FEdSRHETICKERREE
i : BB TEBLD/NT 2 -y ARIEMNTESL, Table 23 linear simulation & non-linear

T T T T T
3
31

10 XEY CU - Cu

RTOMS AT REIT

£=]
T T T T T T

MOYING RTOMS

10 i
E rf! hlrr ?
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FdoT
af ATONS
10k JJ
|
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sl
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TIME {PSEC)

Fig. 12 Non-linear Monte Carlo simulation
of cascade developments by 10 keV
primary Cu recoil atom, where
the number of collisions between
different collision partners are
plotted against the slowing time.

Table 2

Spatial moments of range and damage distributions
for 10 keV Cu —w=Cu

Damage (ﬁ) Range (i)
<7>
Z o] UY <Z> o GY
Linear 47.3 32.0 23.3 49.1 32.5 24.0
Non-linear 48.3 32.5 26.8 49.8 33.0 27.3

,gzi
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simulation % L7 B AZMEA L L 4O TH LM, AEOEIA LD LNLL. IO
simulation 1235 v Tid displacement energy Ea T4 TR FE O ERETFECE VDT
& & | recombination radius &V THME L, FFTACAT2—FTEqITLD void DFFE A
LTz hicdind 2F%0 linear simulation %474, void DM —HKT % recombination-£
RRAT . Toa ORI L EFATRML=15x1/ ¥YNTH -1, '

Fig. 13/ linear simulation &non — linear simulation DOZEHET & L& TR F D53 &
recombination AL L TE -7 KT H 58 551 non — linear simulation O 8 & D77
DIZe R OB E

Fig, l4@EHETHD 2 5 X5 —DRTAEMIC 7 7 25 — DK & SE L THICE OEBER
LMo 5hC DIBEICH v Thnon — linear simulationdE &R/ T HOREENS T
B ERL Ty %o

displacement efficiency § FIRATERSNTY 4. ERAC RS

v{E)
2E4

V= E
C T v l3ZE TS, v(E) 3 damage energy TH 5. Fig.14 & ¥ non —linear simu —
Lationt 5% & % K % ¢ 4 HAIKEREAR LTH 0, Table 31c Torrens D7t 8“2 o1k
4 T linear simulation & non — linear simulation DEERAR L. REZFEFBREDD
B OAE L E B AH displacement efficiency B3 2RO THRR 10 keV D primary

recoil energy THCu®d X H7EHEHEN 44 vOBSICEESHLOTEFEVWALEDN S,
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T T L] T Ll
1200 Re = 1,5 x Ra .
~— } Nen-linsar
100f. -, ~=w I Linsar ]
L |l Fig. 14
2 5l . | Void clusters created by 10 keV
5 _primary recoil atom in an amorphous
2 _ Cu target.
w 80 F .
o
- I--—-‘ -
“ _I—‘_|— ]
u i L L 1 i
1] 2 4 -] ]
CLUSTER SIZE
Table 3
Displacement efficiency for 10 keV Cu+Cu
Calculation method g
Torrens & Robinson (1971) 0.86
Present Linear 0.85
. , N
Simulation Non-linear 0.92
* Recombination radius r, = 1.5RO
4, ® U

0 RREZEER A & & T L TETEF 4 Monte Carlo simulation 7 — F, MARLOWE , TRIM,
ACAT OB ABEAF VOB HHEL AR T bVvOFAHEABLTT 7. TOHERING 3 DD
BAHEICREEOEMIL O, TRIM, ACATRELLhL VAR 7 Yy a2 WAL Ty 57
et H 5. TRIM 2 — Fid impact parameter O K% 37 L ¢ impact parameter % —F&f 43
MO ORELTOINZDHRPBEFCOVLEA A YORAFHDRART S U V7, FRREOMH
EAHOHBICECTH L O LTS EH SN,

g iz JEE R A IR D A419 % non — linear Monte Carlo 3— FOFHEH10keV
Cu® primary recoil i L T &Ntz , T LT displacement efficiency IC&1F SRR
Pisf s A, FTEERASLLO,,EEVIRSTBEENSY, b oDBEEE L TES.
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