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A public-domain package of programs for the personal computer, the Simulation Kit (SK), has been developed for
the simulation and visualization of collisions of low-energy (Æ10 keV) atomic projectiles with solid target lattices.
Possible applications of the SK include the simulation of ion scattering spectra, sputtering coefficients, reÑection
coefficients and projectile ranges. The simulation model used by the SK is based on classical dynamics, and uses a
composite screened-Coulomb/Morse pair potential to model interactions between particles in the target. The simu-
lation model also incorporates inelastic scattering e†ects based on the Oen–RobinsonLindhard–SchiÔtt–Schar†,
and Shapiro–Tombrello models, respectively. The physical basis of the simulation model is described, and examples
are provided of applications in ion beam analysis (ion scattering spectrometry, sputter yields). Copyright 1998(

John Wiley & Sons, Ltd.
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INTRODUCTION

The interaction of energetic projectiles with solids forms
the basis of several surface analysis techniques, such as
ion scattering spectroscopy (ISS),1 secondary ion mass
spectrometry (SIMS)2 and ion-induced Auger electron
emission.3 Atomic bombardment phenomena also play
signiÐcant roles in many modern industries, including
microelectronics, nuclear energy and the space industry.

The microscopic interpretation of atomic scattering
experiments on solids is increasingly based on computer
simulations that have been carried out in many labor-
atories during the past three decades. Comprehensive
reviews of the techniques used for computer simulation
of atomic collisions in solids (including state-of-art
methods) can be found in the books by Eckstein and by
Smith et al.4,5 Historically, simulation e†orts have led
to the emergence of two distinct computational
approaches : the binary collision approximation (BCA)
model6 and the classical dynamics (CD) model.7 The
BCA model treats a collision sequence as a series of
classical binary collisions, and normally only follows
scattering events in which one of the collision partners
is initially at rest (neglecting any overlap of recoil
trajectories). In contrast, the CD model treats the colli-
sion system as a classical many-particle ensemble, and
takes into account multiple interactions involving both
projectile and target atoms. The strength of the BCA
model lies in its speed, while that of the CD model is its
greater accuracy, particularly in modelling many-
particle interactions at low energies.

Numerous BCA and CD programs for simulation of
scattering processes in solid lattices or amorphous
matter have been developed, and several of these have
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been released by their authors into the public
domain.4,5,8,9 The most established BCA programs,
such as MARLOWE and TRIM, can be executed on
many platforms, including personal computers.10 Typi-
cally, the public domain CD programs are intended for
use with minicomputers or mainframe computers, and
require some programming knowledge to build and
use :11 a recent exception is KSAN, which runs on
Macintosh personal computers.10

This paper introduces a personal computer software
package designed for CD simulations of atomic colli-
sions in solid lattices. The suite of programs is collec-
tively known as the Simulation Kit (SK). The intended
audience is the experimental ion beam analysis com-
munity. The SK comprises an integrated group of soft-
ware tools for the design, execution and analysis of ad
hoc CD simulation projects on a production basis. The
SKÏs graphical user interfaces also incorporate facilities
for real-time or post-simulation visualization of atomic
collision simulation results, either as snapshots or as
cinematic sequences. The investment of time required to
master the use of some existing CD or BCA programs
presents a signiÐcant barrier to experimental groups
who may wish to use them for interpretation and mod-
elling of their own ion beam analysis data. Accordingly,
the need for user acceptance of the SK programs has
been an important consideration during their develop-
ment, and a number of modiÐcations have been made
as a result of feedback from users of preliminary ver-
sions of the package. The SK package is freely distribu-
table, and may be obtained by anonymous Ðle transfer
through the Internet.12

The SK is based on a multiple-interaction dynamical
model, in which interactions between particles in a crys-
talline lattice are represented by composite pair poten-
tials.13 One advantage of CD models based on pair
potentials is the ability to parameterize both the repul-
sive and attractive regions of interatomic potentials in
universal forms. Typical applications of the SK are in :
sputtering (angular and energy dependences, statistics)
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and projectile scattering (cross-sections, backscattering
coefficients, ranges). The SK can also be used for model-
ling discrete and continuous electronic stopping pro-
cesses. Although pair potential models can provide
quantitative descriptions of a wide range of energetic
atomic scattering phenomena, they do not provide
accurate descriptions of very low-energy interactions
(e.g. those determining state functions) in transition
metals and semiconductors, for which the local bonding
environment must be incorporated into the interaction
model.14h16 This limitation disqualiÐes the SK for
studies of the equilibrium energetics of structural
phases, particularly those that involve large changes in
atomic coordination or density relative to the undis-
turbed lattice. Although many-body potentials presum-
ably allow more accurate trajectory calculations than
pair potentials, the inÑuence of many-body e†ects on
measurable dynamic processes such as sputtering may
not be signiÐcant in practice.17

The purpose of this report is to outline the functions
and capabilities of the SK, to benchmark the package
and provide illustrative examples of applications in ion
beam analysis and, lastly, to indicate some future direc-
tions for development.

COMPUTER IMPLEMENTATION

The physical model, and the assumptions underlying
the CD simulations performed by the SK and similar
codes, are described in detail in the literature,4,5,13 and
in the SK package documentation, and will only be pre-
sented in outline here. The physical parameters used for
each SK simulation are speciÐed in a series of six input
Ðles (designated respectively as the target, projectile,
model, run, impact and inelastic input Ðles) that are gen-
erated by an interactive utility program (SPIDER)
according to the requirements of the user. The input
data are distributed among several Ðles in order to
facilitate the reuse of input Ðles when a single aspect of
the simulation is changed during batch runs (e.g. the
projectile energy or its angle of incidence). The setting
up of a typical simulation problem requires the speciÐ-
cation of about 50 numeric input parameters.

The target and projectile input Ðles, respectively,
specify the target and projectile characteristics. The
target would normally consist of a cluster or a lattice of
atomic particles, numbering in the region of 1000È2000
particles for sputtering or trajectory studies, or 10È40
particles for angle-resolved projectile backscattering
studies (the maximum permitted number is 30 000).

The run input Ðle speciÐes the kind of output that is
to be generated by the simulation, and miscellaneous
details about the way in which the simulation is to be
executed and terminated. The output data generated by
a simulation consist of a listing of the dynamical vari-
ables (position, momentum and other information) of
selected particles at a given stage (elapsed time) of the
simulation and, optionally, a catalogue of inelastic
energy-loss events. No processing of this information is
carried out until the simulation is Ðnished.

ProjectileÈtarget and targetÈtarget interaction poten-
tial parameters are speciÐed in the model input Ðle, as
are the parameters needed for (optional) inclusion of

thermal vibration e†ects. The projectileÈtarget inter-
action is described by means of a Molière or ZieglerÈ
BiersackÈLittmark (ZBL) screened-Coulomb
potential.4,18 The interaction between atoms in the
target is modelled using a screened-Coulomb potential
at short internuclear separations (r) and a Morse poten-
tial at large separations. Tabulations of Morse potential
parameters from the literature are provided,19,20 but
users may deviate from these if they choose. A cubic
polynomial spline function joins the two potentials in
an intermediate region. The interaction potentials are
cut o† at a Ðnite distance speciÐed by the user
(normally beyond the Ðrst or second lattice neighbour
distance). A planar surface potential optionally may be
included at the target lattice boundaries. The SK also
provides an option for ignoring targetÈtarget inter-
actions. This “partialÏ CD simulation option is useful for
modelling energetic projectile backscattering processes
that occur on a short timescale, because it speeds up
calculations with virtually no e†ect on accuracy.21

The impact input Ðle deÐnes the grid of projectile
incident trajectories. This grid, which is generally rec-
tangular or triangular in shape, maps to a symmetry-
reduced zone of the target surface that is normally
smaller in extent than the surface unit cell.7,22

Lastly, the inelastic input Ðle speciÐes how inelastic
(electronic loss) e†ects are to be incorporated into the
simulation. The following inelastic-loss models are sup-
ported : (LSS),23,24 OenÈLindhardÈSchiÔttÈSchar†
Robinson25 and ShapiroÈTombrello.26 These
inelastic-loss models may be used singly, in arbitrary
combination or not at all.

The SKÏs simulation module (named SNOOK) is
implemented in a manner that closely follows the meth-
odology described by Smith and Harrison,13 with the
following di†erences : the SK does not employ the
moving-atom approximation ;27 look-up tables are only
used to calculate the Morse (not the screened-Coulomb)
forces ; inelastic energy-loss e†ects (see above) may
optionally be incorporated into the dynamical model
used by the SK.

The user of the SK may select any of several integra-
tion algorithms,13 of which the Verlet algorithm is the
normal choice. After the establishment of initial condi-
tions, the equations of motion of the dynamical system
are integrated repeatedly over many time-steps until
one of the user-deÐned termination conditions (based
on elapsed time and maximum particle kinetic energy)
is met. The accuracy of the integration method, which
depends primarily on the selected time-step, is moni-
tored by the accuracy of energy conservation : the latter
is typically arranged to be D0.5% or less on average.
Neighbour lists and a variable time-step are used to
improve the speed of the simulation, in the manner
described by Smith and Harrison.13

At the conclusion of the simulation, the stored trajec-
tory information can be examined and manipulated
using a dedicated utility program (WINNOW), or it can
be converted to ascii text format for loading into a
spreadsheet or other data-processing application. Typi-
cally, the Ðrst operation on the output data is that of
transferring a selected portion of the output to a second
Ðle (e.g. data referring to a speciÐc particle in the
system, or for a selected range of particle energies or
emission angles). The WINNOW program permits the
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Table 1. Simulation Kit calculation of the average elastic energy losses (DE) and
root-mean-square angular deÑections (Dh) su†ered by projectiles passing
through thin crystalline targets (nine monolayers of Si(100) and Ðve mono-
layers of Cu(100), respectively), compared with the results of a round-robin
study (RR) that examined the performance of six established CD codes29

System DE (eV), this work DE (eV), RR Dh(¡), this work Dh(¡), RR

0.2 keV B–Si(100) 66.1 63.1–68.4 35.2 32.6–34.5

0.5 keV B–Si(100) 64.6 55.9–65.1 25.7 22.1–25.1

1.0 keV Ar–Cu(100) 424.9 412.1–428.4 19.6 19.1–19.8

use of custom Ðlter expressions, comparable to those
used by relational database applications, which facili-
tate operations of this kind. The WINNOW program is
able to generate binned distributions of ad hoc functions
of dynamical variables (typically energy spectra or
angular/spatial distributions) from simulation output
Ðles. The program also o†ers a number of statistical
averaging and data formatting options, which are like-
wise constructed from user-deÐned expressions.

The pair potential formalism used by the SK is most
apt for the description of scattering processes in elemen-
tal targets. However, scattering processes that are domi-
nated by the repulsive core potentials, such as ion
scattering spectrometry, can be modelled by the SK for
targets of arbitrary composition. The SK can also be
applied for other purposes (with varying degrees of
realism) to compound target systems that satisfy certain
subsidiary conditions. For example, scattering processes
in binary compounds composed of atoms with similar
electronic shells (e.g. CuNi or GaAs) can be modelled
on the assumption that the same long-range (attractive)
interaction holds for all atoms. Compound systems with
arbitrary constituents are more difficult to treat consis-
tently within the SK methodology in the attractive
potential region. One possible strategy is to neglect the
attractive portion of the adsorbateÈsubstrate and
adsorbateÈadsorbate pair interactions entirely, but to
include a planar surface potential that is applied only to
adsorbate particles. A system of logical control Ñags is
provided in the SK for this and other specialized appli-
cations, but the usefulness of such compromises needs
to be evaluated on a case-by-case basis because there
may be no advantage compared to a BCA calculation.
Limitations such as these are inherent in any pair
potential model, and can only be overcome by using a
new interaction formalism such as that provided by the
embedded-atom method.28

BENCHMARKS

As with most complex software, it is difficult in general
to formally prove or estimate the correctness of a CD
simulation code under all circumstances. The dynamical
system should accurately conserve momentum, angular
momentum and energy, respectively, in elastic scattering
processes. Other tests of correctness that can be used
during program development include the comparison of
scattering angles, apsidal distances and energy losses
calculated for two- and three-body systems with the
corresponding values calculated by hand. The conserva-
tion of energy is perhaps the best indication at run-time

that the equations of motion have been integrated cor-
rectly for individual trajectories by the CD program,
but this benchmark cannot detect systematic errors
such as the failure to choose an appropriate sample of
projectile impact parameters.7

There are relatively few benchmarks available in the
atomistic simulation literature that serve to compare
program performance and accuracy under controlled,
realistic running conditions. Ga� rtner et al. recently
reported the results of a round-robin comparison of six
CD simulation programs and six BCA simulation pro-
grams.29 The various programs were used to calculate
the mean elastic energy losses and root-mean-square
angular deÑections su†ered by a projectile passing
through thin crystalline targets of Cu and Si, respec-
tively. (The reader is referred to the original reference
for speciÐc details of the simulation problems.) The CD
results from the round robin are compared with the cor-
responding results calculated using the SK (with the
Verlet integration algorithm) in Table 1. The level of
agreement between the SK results and the round-robin
CD results is generally good, although two of the
angular deÑections computed by the SK fall just outside
the range reported by the contributors to the round-
robin study. The SK yielded similar results when the
HGE-B integration algorithm was used instead of the
Verlet algorithm:13 this result supports the suggestion
made in Ref. 29 that the small discrepancies that exist
between the various CD codes examined are due to sys-
tematic di†erences in the methods used for impact
parameter sampling or trajectory termination, rather
than to integration errors.

Table 2 presents the results of a simple simulation
exercise that the author has used to benchmark the SK
against the well-known BCA code MARLOWE.6 The
simulations involved the estimation of elastic scattering

Table 2. ReÑection coefficients (R)
calculated by the Simulation
Kit (SK) and by the BCA
program MARLOWE,30
respectively, for 1 keV Ar
projectiles incident on
Cu(100) at various altitudin-
al angles (u) in the S011T
plane

r (¡) R, SK R, MARLOWE

90 0.078 0.06

50 0.184 0.16

30 0.580 0.62
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reÑection coefficients for 1 keV Ar projectiles incident
on an ideal Cu(100) surface at various altitudinal angles
(30¡, 50¡ and 90¡, respectively) along a [011] azimuth.
The SK simulation at each incident angle consisted of
1250 trajectories. ReÑection coefficients were estimated
by counting the number of projectiles found to be
located [1 above the surface with positive velocitiesÓ
after 80 fs had elapsed in the simulation. Table 2 shows
that the reÑection coefficients computed in this way by
the SK are in agreement to within 0.02È0.04 with those
computed by MARLOWE.30

APPLICATIONS

Impact collision ion scattering spectrometry

The Ðrst application of the SK to be discussed involves
the simulation of an impact collision ion scattering
spectrometry (ICISS) measurement. Impact collision
ion scattering spectrometry is an important technique
for surface structure determination.31 In ICISS, the
yield of projectiles backscattered (at, or near, 180¡) from
a target lattice is proÐled as a function of the projectile
altitudinal angle of incidence (r). The experimental
parameters of interest are the critical angles for back-
scattering, which are measured on the low-angle edges
of the peaks in the ICISS angular proÐle.

The ICISS simulation discussed here examines the
altitudinal anisotropy of the yield of He projectiles
backscattered at 180¡ from the Cu(110) surface, for a
primary energy of 1.5 keV and a S112T azimuthal direc-
tion of incidence. Experimental ICISS measurements for
this system have been reported by Spitzl et al.32 Note
that the simulations treat the backscattering of neutral
projectiles, in contrast to the experimental measure-
ments which detect backscattered ions. It should also be
emphasized that CD simulations are not the normal
choice for Ðtting initial trial structures to ICISS data,
because of their high computational cost compared with
BCA or other types of model calculations.33,34

The clean Cu(110) surface exhibits a slight surface
reconstruction, which takes the form of a small inward
relaxation of the surface layer with respect to the second
layer or D0.1 There is also a([*d12\ 5È10% Ó).35h38
smaller outward relaxation of the second layer with
respect to the third layer, which will be ignored for the
present purposes or D0.03 The simu-(*d23 \ 2È3% Ó).
lations presented here will compare the scattering
behaviour of the ideal unreconstructed surface with that
of two hypothetical relaxed surfaces characterized by
substantial inward and outward displacements (*d12 \

and ]0.3 respectively) of the outermost Cu[0.3 Ó,
surface layer. The purpose of the discussion is not to
examine the experimental system per se, but rather, to
draw attention to the capabilities and limitations of the
simulation model for interpretation of ICISS data. It
should also be mentioned that the methodology out-
lined here would be equally applicable to ISS measure-
ments involving arbitrary scattering angles.

The scattering geometry used for the CD simulation
is shown in Fig. 1. A number of possible backscattering
mechanisms are indicated symbolically by lines con-
necting the edges of shadowing atoms with the back-

Figure 1. Symbolic representation of the major impact collision
backscattering mechanisms for the S112T scattering geometry for
a (110) face-centred cubic lattice target. The figure depicts the
structure in the plane of scattering, which is normal to the surface
plane. Atomic positions are represented by circles. Straight lines
connect the edges of shadowing atoms with the centres of back-
scattering atoms.

scattering atom centres. The two-dimensional target
consisted of 34 Cu atoms arranged into four rows in the
plane of scattering. This planar simulation geometry is
necessary to reduce computation time, because the
probability of projectile backscattering after multiple
collisions with non-coplanar atoms is negligible.31

Two kinds of simulations were carried out : full CD
simulations (taking into account all interactions) ; and
“partialÏ CD simulations (ignoring all targetÈtarget
interactions). The latter computations gave results that
(to statistical accuracy) were indistinguishable from the
former, yet were executed at more than twice their
speed. For both sets of simulations, inelastic energy-loss
e†ects were disregarded. For simulations of this nature,
it is important that the repulsive part of the projectileÈ
target interaction be realistic. The ZBL potential is
based on Ðts to experimental measurements of nuclear
stopping powers, and it appears on average to describe
ISS shadowing data adequately without modiÐcation.39
The close agreement between the ArÈCu ZBL potential
and the ab initio conÐguration interaction potential cal-
culated by BroomÐeld et al.40 has been noted else-
where.41 Nordlund et al. compared the ZBL potential
for collision pairs involving light elements (H, C, N, Si)
with potentials calculated using HartreeÈFock and
density functional methods, and found agreement on
average to within D3% for energies below 5 keV (and
D5% for energies up to 10 keV).42 Nevertheless, for this
simulation a screening length correction of 0.9 was
employed for the HeÈCu ZBL interaction, because this
appeared to produce a better description of the experi-
mental data than the uncorrected potential. The CuÈCu
interactions in the full CD simulations were described
by a composite MolièreÈMorse potential, joined by a
cubic polynomial spline in the region r \ 1.5È2.1 Ó.
Both HeÈCu and CuÈCu potentials were cut o† for
r [ 3.7 The Molière potential (r O 1.5 and MorseÓ. Ó)
potential (2.1 parameters for the CuÈCuÓO r O 3.7 Ó)
interaction were taken from Table 4.6 of EcksteinÏs
book.4 The CuÈCu spline potential function used in the
intermediate region (1.5 was :Ó\ r \ 2.1 Ó)
V (r) \ 584.5[ 741.7r ] 310.3r2[ 42.67r3, where r is
expressed in and V (r) in eV. DebeyeÈWaller vibra-Ó
tional displacements were randomly added to the lattice
position of each target atom (in the plane of scattering
only). If thermal vibration e†ects are not included in
CD simulations of ICISS proÐles, the scattering thresh-
olds then appear as intense spikes rather than as
broadened peaks. This approach is an acceptable simu-
lation strategy if the purpose of the simulation is simply
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to locate the critical angles.
For each incident altitudinal angle, 25 000 projectile

trajectories were simulated. The projectile backscatter-
ing yield was estimated by counting the number of pro-
jectiles that were scattered through an angle of
180 ^ 0.5¡, measured with respect to the incident pro-
jectile trajectory.

Simulations were performed at angular intervals of 1¡
in the vicinity of backscattering features, and 3¡ other-
wise. Figure 2 compares the experimental ICISS
angular proÐles for this system32 with simulated proÐles
for the ideal Cu(110) surface and for Cu(110) surfaces
with outer layers contracted by 0.3 or expanded byÓ,
0.3 respectively. The numeric labels shown in Figs 1Ó,
and 2 indicate the correspondence between the scat-
tering features in Fig. 2 and the backscattering mecha-
nisms represented in Fig. 1.

It is apparent from visual inspection of Fig. 2 that the
simulated data for the contracted Cu(110) surface give
the best reproduction of the relative heights of the
experimental scattering peaks, while the data for the
expanded Cu(110) surface give the worst reproduction.
Moreover, the calculations for the expanded surface
show a peak or shoulder near r\ 21¡, although the
experimental data show no feature of comparable inten-
sity in this region. This peak was observed in both the

Table 3. Comparison of observed critical angles (in degrees)
for ICISS peaks shown in Fig. 3 with the correspond-
ing values calculated using the Simulation Kit (SK)
under a variety of assumptions : (a) observed values
from Ref. 32 ; (b) 0.3 contraction of Cu surfaceÓ
layer ; (c) ideal Cu lattice ; (d) 0.3 expansion of CuÓ
surface layer

(a) (b) (c) (d) (e)

Peak Observed Contracted Ideal Expanded SCM

1 12.5 13.5 12.5 12.0 12.4

2 47.2 49.5 48.2 46.0 48.2

3 70.4 71.0 70.7 69.8 71.8

Data in columns (b)–(d) are calculated by CD simulation. Column
(e) presents the corresponding values for the ideal Cu lattice, cal-
culated with a single collision shadow-cone model (SCM). Esti-
mated uncertainties in critical angle locations are À0.5¡ in
columns (a)–(d) and À0.1¡ in column (e)

full and “partialÏ CD simulations, and can be attributed
to the increasing feasibility of the shadowing mecha-
nism labelled as “4Ï in Fig. 1.

Table 3 compares the experimental and simulated
critical backscattering angles derived from Fig. 2. Table
3 follows the convention of reading the critical angle
positions at 85% of the respective peak intensities

Figure 2. Comparison of simulated (a–c) and experimental (d) ICISS angular profiles for He projectiles backscattered from a Cu(110)
target in the S112T scattering geometry. The experimental data are taken from Ref. 32. The Cu target lattices used for the simulated data
incorporate relaxation effects as follows: (a) 0.3 expansion of surface layer ; (b) no relaxation (ideal lattice) ; (c) 0.3 contraction ofA� A�
surface layer. The backscattering yields for curves (a)–(c) are shifted upwards by multiples of 100 counts. The experimental peak intensity
data, curve (d), have been arbitrarily rescaled.

Surf. Interface Anal. 27, 114È122 (1999) Copyright ( 1999 John Wiley & Sons, Ltd.
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Figure 3. Lattice configuration resulting from a simulated impact
of a 5 keV Ar projectile on a 2025 atom Cu(100) target after 200 fs
have elapsed. The figure shows a projection of the positions of Cu
atoms (represented by circles) onto the yz plane. The target
surface lies in the xy plane. The projectile (which has left the
depicted region) was incident in the Éz direction, at an impact
parameter of Á0.7 with respect to the nearest surface Cu atom.A�

(measured relative to the background just below the
peak).31 The last column in Table 3 presents the corre-
sponding critical angle estimates calculated using a
single-collision shadow-cone model described pre-
viously.41 The uncertainty in reading o† the critical
angles is reÑected in the simulated results for peak 1 of
Table 3. The critical angle for this in-surface scattering
feature would not be expected to shift as a result of
surface layer relaxation, yet the simulated results show a
spread of 1.5¡. This spread (^0.75¡) is comparable to
the estimated uncertainties (^0.5¡), which arise both
because of statistical e†ects and because there is a 1¡
interval between the projectile incident angles sampled
by the simulation. This uncertainty can be reduced, in
principle, with further computational e†ort.

The best agreement between the experimental and
simulated critical angle data in Table 3 is found for the
unreconstructed Cu lattice. However, the critical angle
data listed in Table 3 are not in themselves sufficiently
free of uncertainty as to warrant rejection of any of the
three surface relaxation models considered here. Never-
theless, the substantial discrepancy in relative peak
intensities between curves (a) and (d) of Fig. 2 and the
absence of any signiÐcant experimental feature at
r\ 21¡ can be used as a basis for rejecting the
expanded-layer structure. In conclusion, the experimen-
tal ICISS data appear to be consistent with the results
of the two remaining simulation models, implying a
small (0.0È0.3 or zero contraction of the outermostÓ)
Cu(110) surface layer. In a real structural study of this
surface, this result would need to be reÐned by carrying
out further ICISS measurements and analyses along dif-
ferent azimuthal directions, according to the triangu-
lation method used in Ref. 32.

Full or “partialÏ CD simulations can be used in
situations where a simple shadow-cone model fails to
give satisfactory agreement with experimental ICISS
measurements, but it would be impractical to use CD
simulations in all circumstances. BCA calculations (if
available) are considerably faster than CD calculations,
yet have comparable accuracy for most ISS simulations,
except in special cases where the projectile scattering

dynamics are inÑuenced by multiple interactions, e.g.
heavy or slow projectiles, or grazing angles of incidence.
Classical dynamics simulations are computationally
expensive and so are most useful for the Ðnal reÐnement
of a structural model that has been established through
other, faster methods.43,44 For example, the shadow-
cone model (Table 3) gives good estimates for the criti-
cal angles for the scattering systems considered here,
with a systematic error (rather than uncertainty) of D1¡
or less. The shadow-cone model requires a negligible
computational e†ort, but is limited in its ability to
predict the critical angles for scattering events involving
sub-surface atoms, e.g. mechanism 4 in Fig. 1.

Sputtering

An important application of CD simulations has been
the elucidation of sputtering mechanisms.7 In principle,
CD simulations give access to all aspects of the sputter-
ing event, including the origins of sputtered atoms, the
statistics of the sputtering process, the energy and
angular distributions of sputtered atoms and the total
sputter yield. Impact collision secondary ion mass spec-
trometry represents a practical surface analytical appli-
cation of simulations of this type.45,46 In the following
example, the SK has been used to determine the varia-
tion of the sputtering coefficient (number of sputtered
atoms per incident projectile) of a Cu(100) surface as a
function of the projectile altitudinal angle. The projecti-
le species in this simulation was 5 keV Ar. Experimental
data47 and calculated BCA results48 have been present-
ed for this problem. Sputtering of Cu(100) at normal
projectile incidence has been investigated using a
number of di†erent CD simulation routines : a review of
early work can be found in Ref. 7 ; more recent simula-
tion approaches are described in Refs 26 and 49. Sput-
tering in the 5 keV Ar/Cu(111) system has been
examined in detail using an embedded atom potential.50
Once again, the purpose of the simulation presented
here was to illustrate the capability of the SK programs,
rather than to examine the physical system itself in
detail.

The Cu target consisted of nine planes of Cu atoms,
each plane consisting of 225 atoms (2025 atoms in
total). This target conÐguration follows a prescription
suggested by Harrison for absolute containment of col-
lision cascades in the 5 keV Ar/Cu system.7 DebeyeÈ
Waller vibrational displacements were randomly added
to the lattice position of each target atom.51 The 5 keV
Ar projectile was incident on the surface in a direction
parallel to the S110T surface rows, at altitudinal angles
ranging from 20¡ to 90¡. The ArÈCu interaction was
represented by an uncorrected ZBL potential, while the
CuÈCu potential was based on the composite MolièreÈ
Morse potential described in the preceding section.
Electronic energy-loss e†ects were taken into account
by using an equipartition between the

and OenÈRobinson models,LindhardÈSchiÔttÈSchar†
respectively. For each projectile angular conÐguration,
450 incident trajectories (directed into a rectangular
symmetry zone based on the ideal lattice) were exam-
ined. The simulations were terminated after 200 fs had
elapsed, by which time the majority of sputtered atoms
had been ejected.13 Atoms were considered to be sput-
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tered if they had moved out of the surface interaction
range and had a positive z-velocity at termination. The
surface interaction range in this respect was speciÐed as
4.0 (referenced to the ideal surface plane) by takingÓ
the sum of potential cut-o† (3.7 and twice the root-Ó)
mean-square vibrational amplitude in the perpendicular
direction (in total 0.27 Ó).

Figure 3 depicts a typical lattice conÐguration at ter-
mination. In this instance, lateral containment of the
collision cascade at the surface is satisfactory (with the
exception of one atom), but the depth of the lattice is
apparently insufficient (at the bottom of Fig. 3) to
contain the cascade vertically. For many projectile tra-
jectories in this simulation, containment of the ensuing
collision cascade in the bulk layers did not occur.
However, these bulk containment e†ects do not propa-
gate back to the surface, and therefore do not have a
signiÐcant impact on the calculated sputter yields.7

Figure 4 presents the variation of the sputtering coef-
Ðcient with projectile altitudinal angle of incidence. The
plotted data compare the results of the SK computa-
tions with available experimental measurements of the
sputtering coefficients,47 and with BCA calculations of
the sputtering coefficients performed by Hou and Eck-
stein.48 The characteristic feature of the data shown in
Fig. 4 is the presence of deep minima in the sputtering

coefficient, at incident angles that correspond to direc-
tions of high lattice transparency (i.e. the directions of
major crystallographic axes). Projectiles incident in such
directions tend to be steered gently into the target along
the channels of the crystal lattice, depositing less of their
energy in the surface region through hard collisions
than randomly incident projectiles.48 Channelling direc-
tions are therefore associated with an attenuated yield
of sputtered atoms.6 Both the SK and BCA calculations
coincide with the experimental measurements near
normal incidence. The SK gives good agreement with
the measured sputtering coefficients across the angular
range where experimental data are available. However,
the BCA calculations appear to overestimate the sputter
yield increase associated with the non-channelling direc-
tion near r\ 70¡. Both computational approaches
locate the sputter yield minima with satisfactory accu-
racy.

CONCLUSIONS

The rapid development of microprocessors makes inten-
sive scientiÐc calculations on desktop computers
increasingly feasible. A package of programs for the

Figure 4. The sputtering coefficient, shown as a function of the altitudinal angle of incidence, for bombardment of a Cu(100) surface by 5
keV Ar projectiles. The projectiles are incident in the S011T plane. Black squares : sputtering coefficients calculated in this work. White
squares : experimental sputtering coefficients from Ref. 47. The dashed line shows the sputtering coefficients calculated by Hou and Eckstein
using the MARLOWE BCA program.48
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design, execution and visualization of atomistic simula-
tions on personal computers has been introduced in this
paper. The purpose of the package is to facilitate pro-
duction classical dynamics (CD) simulations of
projectileÈsurface interactions. Users of the package
need not necessarily be familiar with computer pro-
gramming. The Simulation Kit (SK) should not only aid
in the interpretation of data from established experi-
ments, but may also prove useful in the development of
new data collection methodologies. A number of poten-
tially useful experimental measurements (e.g. angle-
variation secondary ion mass spectrometry) are difficult
to interpret without many-particle simulations. Indeed,
the well-known ICISS experiment was devised initially
as a response to the complexity of the interpretation of
ion scattering patterns at arbitrary scattering angles.52
Conversely, CD simulations can also be used to design
scattering experiments (e.g. to estimate or optimize
sensitivity). The SK may also serve as an introduction
to the methodology of simulation for researchers who
eventually intend to carry out their simulations in main-
frame computing environments.

The pair-potential formalism used by the SK is not
adequate to describe all atomistic phenomena relevant
to surface characterization. Many-body potentials are
demonstrably superior for studying low-energy solid-
state properties such as point defects, surface recon-
structions or state functions.16 A natural development
of the SK package would be to incorporate the capabil-
ity of using many-body potentials, although this would
likely be achieved at the cost of increased complexity
for the user and reduced computation speed. Work
towards this objective is currently in progress (based on
the embedded-atom formalism)28 and will be reported
in due course.
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