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Table 1
N 10 20 30 128 (a) 128 (b)
1(exact) 1(exact) 1(exact) 1 (exact ) 1 (exact )
9( 10° ) 10¢ 10") 10C 107) 5C10°)  10C 10° )
25( 10% ) 50( 10" )  50( 107 ) 20 10° ) 50 (2 -10%)
70C 10% ) 150¢ 10" ) 100¢ 107 ) 75(5-10°) 128 (7-10°)
T | 150¢ 107 ) 300C 10" ) 150C 107 )  128(7-10°) 640 (6-10°)
200¢ 107 ) 500¢ 10" ) 300¢ 107 ) 640 (6-10°) 1280 (7-10°)
300( 107 ) 1000¢ 10° ) 500( 107 )  1280(7-10°) 3840 (2-10°)
500( 10¢ ) 1500¢ 10° ) 2001¢ 10° )  3840(2-10°) 12800( 10° )
2000( 10° ) 3000¢2-10") 6000 10° ) 12800 ( 10° ) 256000 (5-10°)
Table I )
N r A, A
10 1000 11.0001 11
2 2000 21.0206 21
30 3000 31.7175 31
128 12800 8598.1593 129
128 256000 140.1760 129



Table I

A

D

r r
1 exact 512.000000 6144.000000
9 108 75.399512 1430.038344
25 10 24.904694 710.895544
il 105 12.305882 472.517800
150 107 11054856 441.430312
200 107 11.002578 440.112954
300 107 10.996298 439.935792
500 108 10.992076 439.763856
2000 106 10.992055 439.935091
Table WV
kgT/J S/Nkg -E/NJ Cp/Nkg X okgT/Nu®
1.00 0.56370 0.37107 1.3460-10" 1.8602
(0.55874) (0.37678) (1.2969-10") (1.8685)
0.90 0.54917 0.38486 1.4098-10" 1.9462
(0.54491 ) (0.38861 ) (1.3270-10") (1.9484)
0.80 0.53223 0.39924 1.4638-10" 2.0496
(0.52913) (0.40200) (1.3509-16) (2.0450)
0.70 0.51240 0.41408 1.5015- 10" 21757
(0.51095) (0.41561) (1.3713-10") (2.1647)
0.60 0.48911 0.42919 1.5166+ 10" 2.3322
(0.48964) (0.42943) (1.3945-10" ) (2.3166)
0.50 0.46152 044432 1.5051+ 10" 2.5305
(0.46390) (0.44355 ) (1.4305-16" ) (25153 )
0.40 0.42830 045921 1.4710-16" 2.7881
(0.43138) (0.45811) (1.4846-1G7) (2.7819)
0.30 0.38658 0.47373 1.4325-10" 3.1305
(0.38794) (0.47320) (15229107 ) (3.1407)
0.20 0.32969 0.48778 1.3518- 10" 3.5692
(0.32825) (0.48797) (13723-16) (35838)
0.10 0.25834 0.49853 5.5886-10" 3.9467
(0.25821 ) (0.49853 ) (5.8702-107) (3.9476 )
0.09 0.25285 0.49905 45576-10" 3.9653
(0.25270) (0.49906 ) (4.6072-10") (3.9659)
0.08 0.24826 0.49944 3.2831-10" 3.9765
(0.24804) (0.49946 ) (3.3430-107) (3.9798)
0.07 0.24467 0.49971 2.1474-10" 3.9897
(0.24440) (0.49973) (2.1594-10") (3.9892)
0.06 0.24212 049988 1.2235-10" 3.9963
, (0.24189) (0.49989 ) (1163410 : ) (3.9947)
0.05 0.24055 0.49996 5.5805- 10 3.9999
(0.24047 ) (0.49997) (4.6351-10°" ) (3.9972)
0.04 0.23982 0.50000 1.5721-16° 40012
(0.23991) (0.50000 ) (1066 -10°) (3.9976)
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Table V

N kgT/]J S/Nkg zero-point —E/N]J the used terms’
entropy
10 0.040 0.23980 0.2397895 0.50000 0 ~ 2000
20 0.010 0.15233 0.1522261 0.50000 0 ~ 3000
30 0.006 0.11442 0.1144662 0.50000 0 ~ 6000
128 0.020 0.13689 0.0379673 0.49916 0 ~ 12800
128 0.003 0.05924 0.0379673 0.49996 0 ~ 50000
Table M
kgT/J | S/Nkg —E/NJ Cy/Nkpg X kgT/Nu? /
' Ours Pade
1.00 0.55935 0.37488 0.12885 1.8716 1.8689
0.90 0.54559 038794 0.13217 1.9535 1.9490
0.80 0.52987 0.40129 01367 2.0528 2.0464
0.70 0.51177 0.41484 0.13613 2.1764 2.1676
0.60 0.49076 0.42847 0.13630 2.3348 2.3238
0.50 0.46601 0.44205 0.13493 2.5466 2.5340
0.40 0.43623 ~ 045540 0.13182 2.8469 2.8348
0.30 0.39901 0.46835 0.12683 3.3141 3.3069
0.20 0.34907 0.48069 0.11952 41728 41720
0.10 0.27092 0.49204 0.10524 6.5356 6.3842
0.09 0.25997 0.49308 0.10262 7.0493 6.8247
0.08 0.24806 0.49410 0.99537-10 7.6910 7.3566
0.07 0.23501 0.49507 0.95881-10"" 8.5155 8.0136
0.06 0.22057 0.49601 0.91511-10 9.6144 8.8512
0.05 0.20436 0.49690 0.86247-10 1.1143-10" 9.9615
0.04 0.18583 0.49773 0.79861-10 " 1.3393-10 1 1.1521-10*
0.03 0.16400 0.49849 0.72009- 10 1.6934-10 " 1.3911-1¢"
0.02 0.13689 0.49916 0.61897-10 " 2.2934-10" 1.8169-10"
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Fig.l Trajectories in the laboratory system of two particles interacting
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Fig-2 Ejection patterns for 1 keV Ar+ ions incident on a copper crystal and T=

0 K, where T is the crystal temperature.
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ACAT

Yasunori Yamamura, Professor

Departmeht of Applied Physics,
Okayama University of Science,
Ridai-cho 1 -1, Okayama 700 Japan

Abstract This docunent is intended to acquaint the reader with the computer
code ACAT. ACAT may be used to calculate the various phenomena such as
sputtering, reflection, range distribution and damage distribution associated
with atomic collisions in amorphous targets. This document includes a description
of the physical model, code input and output format, and three typical sample

problems and their output.

1. INTRODUCT ION

This document is intended to acquaint the reader with the computer code
ACAT?! which is based on the binary collision approximation in simulating  the
atomic collisions in solids. ACAT may be used to calculate the various physi-
cal phenomena associated with the atomic collisions in amorphous targets.

Up to now we have several Monte Calro simulation codes,i. e , MARLOWE?
TRIM. SP3® and ACAT!. MARLOWE code was originally developed to simulate
atomic collisions in a single crystal. In order to apply this code to the amor-
phous target, the crystal axis should be rotated randomly in three dimensions
before each collision. '

On the other hand, TRIM* code has been designed to simulate atomic colli-
sions in the random target assuming the fixed mean free path with the value N ~1/3
(N is the number density of target atoms ) and the impact parameter is
randomly selected at each collision. Recently Biersack and Eckstein® modified
the previous existing TRIM* code in order to follow the recoil atoms as well
as ions. This modified TRIM code is named as TRIM. SP. In the TRIM. SP
program the simultaneous scattering events are effectively taken into account .

In the ACAT program an amorphous target is simulated employing the so-
called cell model, in which a target atom is randomly selected at a simple
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cubic cell of a lattice constant Ro=N7Y3. In the MARLOWE and ACAT codes,
the position of an atom is uniquely determined, and the impact parameter is
calculated through the relation between the direction of the moving particle
and the position of the target atom. Because of the simplicity of TRIM and
ACAT codes, these two codes are much faster the MARLOWE code . As a matter
of course, both TRIM. SP and ACAT codes cannot be applied to a single
crystal target .

ACAT is written with FORTRAN 77 and does not need any special library.
This code is available for distribution from the author . The author does not
take any responsibility for the accuracy of any results of the code or any errors
that may be present. I would like to be informed of any " bugs’ found in the
code, but there is no quarantee that may be fixed.

Chapter I presents the employed physical model while Chapter Il present the

code input and output format . Chapter NV contains three typical problems .

2. PHYSICAL MODEL

The ACAT program was developed to simulate the Atomic Collisions in an
A morphous Target within the binary collision approximation, and in the ACAT
program the target atom is randomly distributed in each unit cubic cell of which
the lattice constant is Rg=N "*/3. In the ACAT program we can treat three
layer medium composed of five elements, and the ACAT program includes the
necessary physical constants such as sublimation energy, atomic mass and den-
sity.

2.1 The Binary Collision Approximation

In the ACAT program the atomic collisions are considered to be composed of

the elastic part and the electron excitation part, and the elastic collision is

PATH OF PROJECTILE

]
T
e/2 L~ Tea
1HPACT

PARAHETER \ PATH OF THE CENTER OF MASS
T

DS -
INITIAL Locanou/
OF TARGET ATOH

PATH OF TARGET ATOM
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RECOIL
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¢

Fig.1 The trajectories in the L system of two particles interacting
according to the central repulsive force. The position of the projectile

and the target atom corresponds to the apsis of the collision?.
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treated by the binary collision approximation. The trajectories of two parti-
cles interacting according to a conservative central repulsive force are shown
in Fig. 1. The equation of motion which describes these trajectories can be
manipulated in the usual manner to yield the scattering angle in the center-of-

mass (CM) System?

(o)

0 =n—2p( dr r2g(r)) &)
and time integral @)

r= (ro?—p?) —{?drzg ™= (1—preny T, @
where

g(r) = C(1—p2/r2-V (t) /Er )/ ?, ®)

p is the impact parameter, Er is relative kinetic energy, r is the intera-
tomic separation, V (r) is the interatomic potential, and ro, is the apsidal

distance defined by g (ro) = 0. The relative kinetic energy is given as

Er=AE, /A+1) , )

where E, is the incident energy of the projectile and A=M; /M; is the ratio
of the mass of the target atom M; and that of the projectile M; . In the
ACAT code, the CM scattering angle and the time integral are initially cal-
culated by four-point Gauss-Legender quadrature according to Everhart’s
method® and are stored in the two-dimensional matrix. The scattering angle
and the time integral at each collision are evaluated with the help of the two
dimensional extrapolation f‘ormula .

In the ACAT program the particle is assumed to move along the straight
line segments, these being the asymptotes of the binary encounter in the
laboratory (L) system. In constructing the trajectory of the projectile, one
has to note that the deflection point is shifted backward in the L system by an
amout x; , which is shown in Fig. 1. For the trajectory of the recoil atom,
the starting point is shifted forward by an amount x, from the initial position

of the target atom. The explicit expressions of X; and x; are as follows?:

x3=[274+ (A—1)p tan(@/2)]/(A+1) (5)

X =p tan 0/ 2 )— x; . 6)




2.2 The Interatomic potential
In the ACAT program we employed the screened Coulomb potential

Z12Z, e?
V)= —I——Ifiqs(r/as) (N

where ¢ (x) is the screening function, and ag is the screening length.

The screening function of the interatomic potential V (r ) can be chosen in
the ACAT program from seven options, 1i.e., the Moliére“, the kr-C7, the
Ziegler® , Lenz-Jensen (LJ)?, aLJ'°, aML J' and the Sommerfeld approxi-
mations® . In the ACAT program the option of the interatomic potential is
controlled by the input variable NAKA in the following manner :

NAKA = 1: the Moliére approximation,

NAKA = 2: the Kr-C approximation,

NAKA = 3. the Ziegler approximation,

NAKA = 4: the L] approximation,

NAKA = 5:. the al] approximation,

NAKA = 6: the aML] approximation,

NAKA = 7: the Sommerfeld approximation,
where the screening length of the Moliére and the Kr-C approximations are the
Firsov one, and that of the L], the alLJ, the aML] and the Sommerfeld ap-
proximations are the L indhard screening length. The screening length of the

Z iegler approximation is the Ziegler screening length®.

2.3 The Electronic Energy Loss
For the estimations of the electronic energy loss AE, the reader has three
options, 1i.e. , the trajectory-dependent energy loss model .( the non-local
model ), the Oen-Robinson energy loss model®® ( the local model)and the mixed
model . In the ACAT program, the option of these three models are controlled
by the input variable LOCAL, i.e. ,
LOCAL=1: the trajectory-dependent energy loss model ,
LOCAL=2: the Oen-Robinson energy loss model ,
LOCAL=3: the mixed model .
1) The trajectory-dependent energy loss model ( the non-local model )

This model is independent of the impact parameter, i. e,
AEe =Ly NSe (E ), 9)

where Ly, is the distance between collisions, and Se¢ (E) is the electronic

stopping cross section.



For hydrogen we used the following fitting formula of the electronic stop-

ping cross section which was originally proposed by Varelas and Biersack*,?®

Se (E) =AE°. 10
H H
Se ) '= (Srow )~ + (SHIGH ) ! (i)
where
H
SLow = Az E%*, 12
H
SHIGH = (A:/E) In [ 1+ (A /E) +AE], 13

and parameters A; , A, , A;, A, and A; are stored in the ACAT code®.

For helium isotopes we used the five-parameter fitting formula of Ziegler

table!, 15,

He He
Se(E)*= (Spow ) ' + (SHIGH )', 14
where
He B,
SLow =B:E (15
He
SHIGH =(Bs/E)In (1+ (By/E)+Bs E) 16

E is He energy in kev, and these five parameters are stored in the ACAT
code .
For other heavy ions, the L indhard-Scharff energy loss model is employed

i.e. |
Se(E) =KLE1/2 s (17)

where the L indhard electronic stopping coefficient Ky, is given as

1.212Z,7¢ 7,
(Z23+ Z,28) M2

K, = C eV )2 A2 18

2) The Oen-Robinson energy loss model ( the local model ) 13
This model depends on the impact-parameter p through the apsidal distance

in the binary collision, i.e. ,



AE 0015 [—03ro (p, E)/p] 19
= ex — 0.3r p, p ’
€ T asz ( 1—a ) P °

where the factor (1—a) is a correction term due to the finiteness of the im-
pact parameter in the solid, and Se (E) is the electronic stopping cross
section which is given in the previous discussions . The explicit expression of

a is as follows :
@ = (1401811Re/ag ) exp (—0.18661R¢/ag ) 20

3) The mixed model

The third model is a combination of the non-local model and the local model.
In the case of sputtering phenomena recoil atoms with very low energies are
moving in the solid, and their free paths are too short to apply the non-local
model for the electronic energy loss, because the non-local model is the
macroscopic representation of the electronic energy loss process . In the mixed
model of the ACAT code, for A(E){5R, , the electronic energy loss is cal-
culated by the local model, and for A(E) »)5Rg , the energy loss is calculated
by the non-local model . Here l(E)A is the effective mean free path which is
given as A(E) = 1/wNb? | where b is the collision diameter defined by b =
ro (0, E).

2.4 The Searching Procedure of a Collision Partner

The procedure of searching the collision partner of the ACAT program is
very simple . Let the projectile move in the direction ep , The notation
” projectile” is used here for the ion or any recoil atom moving in the solid.
In the ACAT program, the projectile flies from the position R step by step
by an amount Ax along the direction ep (see Fig. 2). The position of the
projectile R after n steps is R+ nAxep, and the unit cell belonging to R
is easily determined dividing each component of R, by the average lattice con-
stant Rg. I[f the unit cell of Ry is different from that of the original posi-
tion R, a target atom is produced randomly in a new unit cell using three
random variables, and this target atom is a collision partner. Let the posi-
tion of the target atom be Rp which is shown in Fig. 2. Then, the impact

parameter p is given as

p= (RA—R) xep, @1



Fig. 2 Schematic representation of the procedure searching a new

collision partner inside the solid. ep is a unit vector of the direc-
tion of a moving projectile, and R is the position of the initial
location of the projectile. The interval Ax is usually equal to Ry/5.

CM scattering angle and the time integral for this collision are easily ob-

tained from the pre-calculated two-dimensional matrix .

Fig. 3 Typical two coordinates in the spherical trigonometry, where
X, Y and Z are three axes of the absolute coordinate, and A, B and

P are those of the moving coordinate fixed to the projectile.

In the ACAT program we introduced two different coordinates .

The one is
the absolute coordinate fixed to the target,

where the x-y plane is on the so-

lid surface, and the direction of the z axis is opposite to the surface

normal . The other is the moving coordinate which is fixed to the moving pro-



jectile, where the direction of the z axis of the moving coordinate is equai

to ep- In Fig. 3 these two coordinate are schematically shown in the sphe-

rical trigonometry. The X, Y and Z in Fig. 3 correspond to the x, y and z

axes of the absolute coordinate, while the A,B and P to the x, y and z axes

of the moving coordinates. The direction ep of the A axis is chosen to be
ep X [epx (RA—R) ]

eA = @2
p

and the direction e of the B axis is [eaA X ep] . The direction S in the
P

P-A plane is that of the scattered projectile after collision, and 6 is the
scattering angle in the L system which is given as
A sinf

/(9\‘:-tan'1 @3
14+ A sinf

The direction eg” of the projectile after collision is represented by

@4

0 ~

cos 0

S
sin@
eg’ =

in the moving coordinate . Transforming the bases of the moving coordinate in-
to those of the absolute coordinate yields the direction S in the absolute sy-

stem which is obtained as follows :
eg = Te s’ , ) @6

where T = (ep’ eB’ ep) is the inverse matrix of the transformation matrix

between two bases .

2.5 Surface Conditions and Surface Scattering

In order to investigate the influence of the ion-bombardment induecd sur-
face roughness on the sputtering yield, various kinds of the surface are
employed in the ACAT code . In Fig. 4 the side view of the model surface
are schematically drawn. Figure 4A indicates the complete flat surface, but
the surface atoms in the topmost layer are randomly distributed in two dimen-
sions . The surface of Fig. 4B is the original ACAT surface.

The rough surface of Fig. 4C has the randomly distributed vacancies at the
topmost layer of which the ratio is denoted by (a/b). The rough surface of
Fig. 4D has the rectangular-step topography of which the shape is characterized
by (a/b, c¢), where a is the width of the step in the unit of the lattice
constant R(’/ b is the distance between two steps, and ¢ is the height of the

step in the unit of Rg. The rough surface of Fig. 4E has the oblique step
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Fig. 4 The schematic representations of side views of various model

surface employed in the present calculations .
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Fig. 5 The top views of the step surfaces of the rectangular-step
and the oblique-step surfaces in Fig. 4D and Fig. 4E. The hatched
region is the qutter, and the primary ions are bombarded randomly on

the dark shaded zone .



topography of which the shape is specified by (a/b, ¢ ). Three parameters a,
b and ¢ have the same meanings as those of Fig. 4D, and the inclined angle is
equal to the angle of incidence which is measured from the surface normal. In
Fig. 5 the top view of the surface topography employed in the present simu-
lation for the roughness (a/b, c¢) and {a/b, c) is shown schematically.
The hatched zone of Fig. 5 is a qutter, and the primary ions are randomly
impinged on the darkly shaded zone. In the case of the rough surface of Fig.

4D the azimuthal angles of incidence are also selected randomly .

2.6 The Searching Procedure of a Collision Partner near the Surface

The surface scattering with the target atom at the topmost layer, which is
sufferd by an incoming or outgoing particle, is very important for the angular
distributions of reflected particles and sputtered recoil atoms, especially for
oblique incidence. In the ACAT program the procedure of searching the colli-
sion partner of the particle moving in the vacuum is two-dimensional . In other
words, the projected position of a leaving particle moves on the solid sur-
face as the projectile does in the vacuum as if a shadow of an airplane moves

on the earth turface .

R, -
p
=

— ] !
i
; , fa SURFACE
[ IDUIp I T §

S R, O Ry ST

Fig. 6 Schematic representation of the procedure of searching a new
collision partner of a leaving particle. The vectors Rp and Rpp mean
the projected positions of R and Ry # respectively, onto the solid

surface .

Figure 6 Shows how to search the collision partner of an outgoing particle,

where the positions Rp and Rpn are the projected ones of R and Ry’ respecti-
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vely. Similarly to the searching procedure in the bulk we can determine a new
unit cell which the position an belongs to and get the candidate for the col-
lision partner . Inside the solid a target atom obtained like this is always a
collision partner, and the roughness of the binary collision approximation
will be smeared out statistically due to subsequent collisions.

In the case of the surface scattering of a outgoing particle with a surface
atom, its deflection angle due to the subsequent surface scatterings is always
additive, and the roughness in the binary collision approximation will be en-
hanecd if any target atom in the new unit cell is allowed as a collision part-
ner . In the ACAT program a target atom in the new unit cell is accepted as
a collision partner if (R—RaA)-ep— x; »0. This searching procedure of the
leaving particle is repeated until the impact parameter between the leaving
particle and the surface atom ié larger than the R/ and this leaving particle
with the large impact parameter is regarded as escaping the repulsive region
of the solid surface.

The surface binding energy Ug has a significant influence on the total
sputtering yields, and also on the anqular distribution and energy distribu-
tions of sputtered atoms . AS the surface binding energy, we have usually
used the sublimation energy Egq which is stored in the ACAT program. In the
ACAT program the surface binding energy acts in the form of a planar attrac-
tive potential upon the atom which is leaving the surface, and results in a
refraction or even a reflection back into the solid, depending on energy and

angle of the leaving particle.

2.7 Cascade Development ,

For the cascade development we have used three parameters, i. e., the bulk
binding energy ER’ the displacement energy E4 and the minimum energy until
which the cascade continues to develop. These three parameters are the input
data .

Let us consider a collision from which the original projectile emerges with
kinetic energy E; after transferring kinetic energy T to the target atom.The
target atom is displaced if its energy exceeds a sharp threshold energy E4. At
the same time it may be required to overcome a bulk binding energy. If T )
Eq, the target atom is added to the cascade with the kinetic energy E,= T —
Ep. The cascade develops continuously so long as their energies exceed a pre-
assigned value E.

Once a new recoil atom is ejected from its original site a vacancy will be
left even for the case of replacement collision which takes place when T ) Eg
and E; is less than the lesser of E; and E4’/ because this trapped projectile

stil has kinetic energy which must be dissipated before it gets well-defined
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position. The time required for this energy dissipation will exceed the time
needed to generate the cascade . Roughly speaking, the bulk binding energy
will be of the order of the vacancy formation energy, i. e., about 1 eV for
fcc metals and about 3 eV for bcc metals .

There are several models for the bulk binding energy in the simulation of
sputtering process . However , bulk binding energies are of little influence
on the sputtering results, because ER is wusually small compared with the
transferred energy at high energy bombardment . Moreover most sputtered atoms
originated in the surface layer where the binding energy ER is not equal to
or will be smaller than the vacancy formation energy in the bulk .On the other
hand, from the viewpoint of radiation damage, sputtering phenomenon is in a
sense a transient phenomenon which is different from other radiation bphenomena
such as radiation damage where the displacement energy Eq is of the order of
25 eV. The displacement energy is the minimum energy required to produce the
stable Frenkel pair. Since almost all sputtered atoms originate in the sur-
face layer, we need not use the criterion whether the recoil atom get the ki-
netic energy enough for the stable Frenkel pair or not. Then, in the case of
simulating sputtering process the fo_llowing simple model is used in the ACAT

program :
Eg=0, Ec =Eg” Eq=Eg’ Ug =Eg. )

In order to calculate the stable Frenkel pair or the spatial distribution
of vacancies after every particles are thermalized, the vacancy and the inter-
stitial atomwill be recombined if the distance between a vacancy and an in-

terstitial is smaller than the recombination radius.

3. CODE USE

3.1 Code Input
In the ACAT program we have the following READ statements :

150 READ (5, 50, END=155) NRUN, MKND, IOUT
151 READ (5, 51, END=155) DDO, DFA, DAZM
152 READ (5, 51, END=155) ECRFF, ECRF
153 READ (5, 51, END=155) (Z (I), I=1, MKND)
READ (5, 51, END=155) STTINA, BORT
READ (5, 51, END=155) DPORRN
READ (5, 50, END=155) LOCAL, NAKA
READ (5, 54) ( (ATF (IR, IK), IR=1, 3), IK=2, MKND)



154
159

READ (5, 54) (RBNDY (IR), IR=1, 3)

READ (5, 54) ((EDD (IR, IK), IR=1, 3), IK=2, MKND)
READ (5, 54) ((EBB (IR, IK), IR=1, 3), IK=2, MKND)
READ (5, 54) (ECC (IR), IR=1, 3)

READ (5, 54) (RUU (IK), I1K=1, 3)

READ (5, 51) (AQQ (IK), IK=1, MKND)

READ (5, 51) (AKK (IK), IK=1, MKND)

READ (5, 51) (SBEG (IK), IK=1, MKND)

READ (5, 52) FTOP, RFOBL

READ (5, 50) KWID0, KWID]1

READ (5, 51, END=155) E0, BONDY, ANGIL, DNZ HISTRY, REGN
READ (5, 50, END=155) NTURN

The corresponding FORMAT statements are as follows :

50
51
52
54

FORMAT (1015)

FORMAT (7E 10.3)
FORMAT (4E 10.3)
FORMAT (3E 10.3)

Next, let us explain the meanings of each INPUT variable.
NRUN = control of initial value of the random variable (NRUN ) 0).

MKND = number of elements including the projectile and the adsorbate atom

(MKND( 7).

IOUT = control of the output data

DDO=
DFA=

DAZT =

ECRF =

ECRFF

IOUT ( 3 : two-dimensional matrix of the CM scattering angle and
the time integral
IOUT < 31 : rango distribution of each element
IOUT < 35 : spatial distribution of atomic fraction
mesh interval of the polar angle () 5.0 degree )
mesh interval of the azimuthal angle which is used in calculating
the angular distribution of backscattered particles and sputtered
atoms ( degree )
mesh interval of the azimuthal angle which is used in calculating
the azimuthal-angle distribution of backscattered and sputtered
atoms ( degree )
E. of the projectile
If ECRF =0, E. of the projectile is calculated.
If SPUTTERING, ECRFF =1, otherwise
ECRFF = 1000 .




7 (K) = atomic number of the K-th element .

K=1 . incident particle
Ky 1 . target atom
Z = 1.0 : hydrogen
Z =12 : deuterium
Z =13 : tritium
=20 : *He

Z =21 : 3He
STTINA = the position of reference surface which is used in calculating
atomic collisions in the infinite medium ( angstrom)
BORT = transmission sputtering or backward sputtering
BORT =1 : backward sputtering
BORT = 4 : transmission sputtering
DPORRN = control of the calculation of the spatial and energy distribu-
tion of free paths
DPORRN » 1 : no calculation
DPORRN = 1 : free-path projected to the z axis
DPORRN = 0 : free-path
LOCAL = option of electronic energy loss model (Chap. 2)
LOCAL = 1 : the non-local model
LOCAL = 2 : the local model
LOCAL = 3 : the mixed model
NAKA = option of screening function (Chap. 2 ).
NAKA =1 : the Moliére approximation
NAKA = 2 : the Kr-C approximation
NAKA = 3 : the Ziegler approximation
NAKA = 4 : the L] approximation
NAKA =5 : the al ] approximation
NAKA = 6 : the aML]J approximation
NAKA = 7 : the Sommerfeld approximation
ATF (I, K) = atomic fraction of the K-th element in the I-th layer
RBNDY (I) = thickness of the I-th layer (cm).
The adsorbate layer is excluded and thickness of adsorbate
layer is given by the input variable FTOP which will appear
later .
If FTOP () 0, I =1 becomes the second layer .
EDD (I, K) = displacement energy of the K-th atom in the I-th layer.
If EDD=0, EDD=ECC of the I-th layer.
EBB (I, K) = bulk binding energy of the K-th atom in the I-th layer.
If EBB=0, EBB=0 in the I-th layer.



ECC (I) =E. in the I-th layer
If ECC=0, ECC is calculated and is equal to the lowest su-
blimation energy among all elements in the medium.
ROU (I) = density in the I-th layer (g/ci)
If ROU =0, ROU is calculated and is equal to the average
density in the i-th layer .
AQQ (K) = correction factor of the Firsov screening length between the
projectile and the K-th atom.
The Firsov screening length is modified as
ag=ag(l+AQQ) .
If AQQ=10, ag is chosen depending on NAKA (chap. 2 ).
AKK (K) = correction factor of the Lindhard inelastic coefficient Ky, bet-
ween the projectile and the K-th atom in the solid. K|, is mo-
dified as
K =K (14 AKK).
SBEG (K) = surface binding energy of the K-th element. (eV)
If SBEG =0, SBEG is equal to the sublimation energy of the
K-th element .
FTOP = coverage of the adsorbate layer in the unit of R or the height of
the step of the rough surface in the cace of KWIDO0<)>0 and KWIDI
o.
If FTOP () 0, the first layer is the adsorbate layer .
KWIDO0 = width a of the step of the rough surface (see Fig. 4) in the unit

of Rg-

KWID1 =width b of the step of the rough surface ( see Fig. 4) in the unit
of Rg.
If KWIDO +KWID1<{0, the surface is the smooth surface in
Fig. 4.

FROBL = option of the surface topography
FROBL = 0 : rectangular step surface
FROBL =1 : oblique step surface
EO = incident energy of the projectile (eV)
BONDY = thickness of the medium (om)
ANGL = angle of incidence measured from the surface normal (degree)
D N Z = mesh interval for the spatial distribution of various quantities
such as range, damage and vacancy distributions. (cm)
HISTRY = number of the primary ions .
REGN = recombination radius in the unit of Rg.
NTURN = option of the further calculations.
NTURN =1 : GOTO 150
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NTURN = 2 : GOTO 151
NTURN = 3 : GOTO 152
NTURN = 4 : GOTO 153
NTURN =5 : GOTO 154
NTURN =6 : STOP

4. SAMPLE PROBLEMS

Three sample problems are included : the first is the two-component sput-
tering ; the second, ion-induced desorption ; the third, roughness sputtering.

Appendixes contain a copy of the output from these sample problems.

4.1 Two-Component Sputtering

Consider three-layer NiMo alloy medium, where the thickness of the first
layer is 20 A, that of the second layer 50 A, and that of the third layer is
enough large. The atomic fractions of Ni in these three layer are 0.2, 0.5 and
0.7, respectively, and 3 keV Ar ions are normally bombarded the above-men-
tioned target . As the interatomic pofential the Kr -C potential (NAKA = 2)
is used, the electronic energy loss model is the mixed model (LOCAL =3) ,

and the recombination radius is 1.5 Rg. The input needed to run ACAT follows :

12 3 30

1.OOOE 01 1..000E 01 1.000E 01
1.OOOE 00 0.000E 00

1.8OOE 01 2800E 01 4.200E 01
0.000E = 00 1.000E 00

2.000E 00

3 2

0.800E 00 0.500E 00 0.300E 00
0.200E 00 O0.500E 00 0.700E 00
2.000E — 07 56.000E —07 1.000E —02
0.000E 00 O0.000E 00 O0.000E 00
0.000E 00 O0.000E 00 O0.000E 00
0.000E 00 0.000E 00 0.000E 000
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 O0.000E 00
0.000E 00 0.000E 00 0.000E 00
—=000E 00—0.000E 00 0.000E 00
0.000E 00 0.000E 00

0.000E 00 0.000E 00 0.000E 00
0.400E 00 0.000E 00

0 0
3.000E 03 1500E —02 0.000E 01 5000E —08 2000E 03 1.500E 00
6 .

Note : Output of this problem is given in Appendix A.



4.2 Ion-Induced Desorption

Consider N/W system, where the coverge of the nitrogen is 0.4 mono layer .
and 300 eV He ions are bombarded normally. As the interatomic potential we
used the Moliere potential (NAKA =1 ) with the correction factor AQQ=—03
for the elastic scattering between He and Ni, where the original Firsov
screening length between He and N is used, and the electronic energy loss
model is the mixed model (LOCAL = 3) . As the surface binding energy of Ni
we used the 6.7 eV planar potential . The input needed to run ACAT is follows :

62 3 25
1.O0OE 01 1.000E 01 1000E 01
1.000E 00 0.000E 00
2.000E 00 T7.400E 01 T7.000E 00
0.000E 00 1.000E 00 '
2.000E 00

3 1
0.000E 00 1.000E 00 1.000E 00
1.000E 00 0.000E 00 0.000E 00
1.000E —02 1.500E —01 2.000E —00
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 0.000E 00
~000E 00—0.300E 00 0.000E 00
0.000E 00 0.000E 00
0.000E 00 0.000E 00 6.700E 00
0.400E 00 0.000E 00

0 0
3.000E 02 1500E —02 0.000E 01 b5.000E—08 5000E 03 1500E 00
6 :

Note : Output of this problem is given in Appendix B.




4.3 Roughness Sputtering

Consider the Cu surface with the periodic oblique-step topography {213, 3)
which is induced by the bombardment of 1 keV Ar ions, where the angle of in-
cidence is 800. As the interatomic potential the Moliére potential is em-
ployed, and the electronic energy loss model is the mixed model. The input

needed to run ACAT is follows :

1.12 2 30
1.0O0OE 01 1.000E 01 1.000E 01
1.OOOE 00 0.000E 00
1.800E 01 2.900E 01
0.000E 00 1.000E 00
2.000E 00

3 1
1.O00E 00 1000E 00 1.000E 00
1.O0OOE —02 1.500E —01 2.000E 00
0.000E 00 0.000E 00 O0.000E 00
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 0.000E 00
0.000E 00 0.000E 00 0.000E 00
—~000E 00—0.000E 00 0.000E 00
0.000E 00 0.000E 00
0.000E 00 O0.000E 00 0.000E 00
3.000E 00 1LOOOE 00

2 3
1.OOOE 03 1.500E —02 8000E 01 2500E —08 6.000E 03 1.500E 00
6

Note : Output of this problem is given in Appendix C.



3.2 Code Output

The ACAT program has a lot of output, and calculated data are followed
after OUTPUT in the output list. For all output data there are detailed
instruétions, therefore the author think that the extra explanation is not
necessary any more .

For the normal incidence, the angular distributions of backscattered ions

and sputtered atoms are fitted by the empirical formula cosR0'7 .

Note : The exit ang'le of the angular distributions of backscattered ions and

sputtered atoms are measured from the surface.

Note : If the number of sputtered atoms or backscattered ions are too small
number of primary ions, the ACAT program does not print calculated
results of differential yields such as the angular distribution and the
energy distribution. For the energy distribution and the angular dis-
tribution, the yields of the backscattered or sputtered particles
should be larger than 500 particles, and for the energy distribution

of a fixed exit angle the yield should be larger than 3000 particles.
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