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Abstract
For grazing scattering of keV Ne and Ar atoms from a Ag(1 1 1) and a Cu(1 1 1) surface under axial surface channeling conditions we observe well deﬁned peaks in the angular distributions for scattered projectiles. These peaks can be
attributed to ‘‘rainbow-scattering’’ and are closely related to the geometry of potential energy surfaces which can be
approximated by the superposition of continuum potentials along strings of atoms in the surface plane. The dependence
of rainbow angles on the scattering geometry provides stringent tests on the scattering potentials. From classical trajectory calculations based on universal (ZBL), adjusted Moliere (OÕConnor and Biersack), and individual interatomic
potentials we obtain corresponding rainbow angles for comparison with the experimental data. We ﬁnd good overall
agreement with the experiments for a description of trajectories based on adjusted Moliere and individual potentials,
whereas the agreement is poorer for potentials with ZBL screening.
Ó 2004 Elsevier B.V. All rights reserved.
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1. Introduction
In atomic collisions interaction potentials play
an essential role, since those potentials are directly
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related to the outcome of binary encounters. In a
classical description, interatomic potentials determine the trajectories of the collision partners and
can be used to derive deﬂection functions (dependence of scattering angle on impact parameter)
and diﬀerential cross-sections [1]. Also the distance
of closest approach of colliding atoms or ions can
be obtained from the interaction potentials which
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might be important to identify interaction mechanisms during the encounter. In a quantal approach, interaction potentials directly enter the
scattering amplitudes for the calculations of
cross-sections [2].
For collisions of fast atoms and ions with typical energies in the keV range, the interatomic
potentials are crucial for calculations of projectile
trajectories from classical mechanics in order to
model a variety of processes as stopping phenomena, electronic excitations, charge transfer, or
focusing eﬀects. As a consequence, a wide body
of work and literature is devoted to provide generalized expressions for those potentials [3]. Of particular interest are generalized descriptions of the
potentials which are mostly based on the statistical
Thomas–Fermi model for taking into account
electronic screening eﬀects in atoms. These
screened Coulomb potentials are characterized by
screening functions which are constructed by sums
of exponential functions with a screening length as
being the reference for the length scale (atomic
units are used throughout this paper)
V ðrÞ ¼

Z1Z2 X
ai expðbi r=as Þ
r
i

ð1Þ

with Z1 and Z2 being the nuclear charge of the
atoms and ai and bi are parameters of the screening
functions. In the approach by Moliere [4] one
has ai = {0.35, 0.55, 0.1} and bi = {0.3, 1.2, 6} with
the Firsov screening length as = aF = 0.8854 a.u.
1=2
1=2 2=3
ðZ 1 þ Z 2 Þ
. For the ‘‘universal potential’’
Ziegler, Biersack and Littmark (ZBL) [3] proposed
ai = {0.1818, 0.5099, 0.2802, 0.02817} and bi =
{3.2, 0.9423, 0.4028, 0.2016} with the universal
screening length as ¼ au ¼ 0:8854 a:u:= ðZ 0:23
1 þ
Z 0:23
Þ.
OÕConnor
and
Biersack
suggested
an
im2
proved description of the Moliere potential by a
correction of the Firsov screening length according
1=2
1=2
to as ¼ aOCB ¼ ½aðZ 1 þ Z 2 Þ þ baF with a =
0.045 and b = 0.54 [5].
These generalized interatomic potentials are
smooth functions with respect to the interatomic
distance r and the atomic numbers Z1 and Z2
and do not take into account the electronic shell
structure of the atoms. Such eﬀects can be taken
into account by considering an ‘‘individual poten-
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tial’’ which is calculated numerically for each
Z1–Z2-combination. In our work we use a statistical model taking into account the electrostatic,
kinetic and exchange contributions. The calculations are based on electron distributions of free
atoms which are obtained from electron wave functions given by Clementi and Roetti [6] and are free
from adjustable parameters. Details on the calculations of the individual potentials can be found in [7].
In this paper we report on studies of the scattering of fast Ne and Ar atoms from metal surfaces
under a grazing angle of incidence. By making
use of so called ‘‘rainbow’’ structures in the angular distributions for scattered projectiles present
for scattering along a low index crystallographic
direction in the surface plane (‘‘axial surface channeling’’), we explore the atomic interaction potentials at surfaces in the range from 1 eV to several
10 eV. It turns out that the angular positions of
these ‘‘rainbows’’ depend strongly on the scattering potential [8] and can be used for stringent tests
of interaction potentials at surfaces [9,10].

2. Experiment and simulation
In our experiments we have scattered neutral
Ne and Ar atoms with energies ranging from
1 keV to 100 keV from Ag(1 1 1) and Cu(1 1 1)
under a grazing angle of incidence 0.5° 6 Uin 6 2°
with an azimuthal setting along low index crystallographic directions in the surface plane (surface
channeling conditions). The azimuthal orientation
of the target surface relative to the incident beam
was obtained via a rotary feed through of a precision manipulator. Neutral projectiles are used
here, in order to avoid eﬀects of the image charge
present for ionized projectiles. In experiments with
ions we found angular shifts up to several degrees,
consistent with eﬀective image charge interaction
energies in the eV domain [11]. The neutral projectiles were produced via resonant charge transfer in
a target operated with Ne or Ar gas in the beam
line of the accelerator. The projectile beam is collimated by sets of vertical and horizontal slits of
0.2 mm width to a divergence of about 0.1 mrad.
The target surface is prepared by cycles of sputtering with 25 keV Ar+ ions under a grazing angle of
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incidence of typically 2° and subsequent annealing
to temperatures of about 500 °C. The scattered
projectiles are recorded by a commercially available position-sensitive channelplate detector [12]
located 66 cm behind the target. In order to avoid
dead time eﬀects in the counting of events, the primary beam was reduced to a current which resulted in maximum count rates at the detector of
less than 104 counts per second. The resulting current under these conditions amounts to typically
some fA so that radiation damage of the surface
by the impinging atoms is negligible.
For comparison with data, the scattering of the
Ne and Ar atoms is simulated by calculations of
classical trajectories. Because of the small angle between the incident beam and a low index crystallographic direction (x-axis) in the surface plane (x,
y-plane), projectile atoms move with about constant velocity in the low index direction. The motion in the (y, z)-plane is determined by the sum
of all interaction potentials between projectile
and target atoms which is for channeling conditions well approximated by continuum potentials
derived from an averaging of pair potentials over
atomic strings [13]. In passing we note that trajectories calculated in molecular dynamics computer
simulations are very close to those obtained using
the continuum approach [14]. For motion of
atoms in the (y, z)-plane only a few neighbouring
strings of the topmost atomic layer and of the
layer beneath the surface have to be taken into account. The trajectories in the (y, z)-plane are derived from two-dimensional equations of motion
with the initial velocities vy = 0 and vz = v0sinUin
(initial transverse energy Ez = E0sin2Uin).

3. Results and discussion
In Fig. 1 we show 2D-plots of some typical
angular distributions obtained for scattering of
2 keV, 4 keV, 8 keV and 18 keV Ar atoms from a
Ag(1 1 1) surface under Uin = 1.8° along a h1 1 0i
direction in the surface (Ez  2 eV, 4 eV, 8 eV,
18 eV, respectively). The data reveal clearly prominent peaks under these scattering conditions
which can be ascribed to rainbow scattering
caused by the sinusoidal corrugation of the ‘‘eﬀec-

Fig. 1. Two-dimensional plots of angular distributions
recorded by means of position sensitive channelplate detector
for scattering of 2 keV, 4 keV, 8 keV and 18 keV Ar atoms from
Ag(1 1 1) under Uin = 1.8°.

tive potential’’ in y-direction [9,10]. The opening
angle between the two peaks amounts to twice of
the corresponding rainbow angle Hrb which can
be precisely derived from deﬁned angular distributions as shown in the ﬁgure. Note that projectiles
with higher Ez probe equipotential planes of enhanced potential energy with an enhanced corrugation. Therefore we observe larger rainbow
angles for higher Ez. The peak in the centre of
the angular distribution shown in the lower right
panel of Fig. 1 is attributed to a pronounced double scattering between two adjacent axial strings at
suﬃciently large Ez.
The rainbow angle Hrb for Ar atoms scattered
from Ag(1 1 1) over the whole range of Ez investigated is presented in Fig. 2. The data reveal the expected monotonic enhancement with increasing Ez
which can be understood by the stronger corrugation of the ‘‘eﬀective potential’’ for larger transverse energies. The observed rainbow angles are
compared with results from the simulations using
diﬀerent approaches for the description of the
interatomic potentials given in Section 1. The
dashed curve in Fig. 2 is the result of the simulations using the ZBL potential. It can be seen that
for Ez up to about 40 eV they underestimate the
experimental data heavily, i.e. the potential used
is clearly too repulsive. This discrepancy is partic-
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Fig. 2. Rainbow angle Hrb as function of transverse energy Ez
for scattering of Ar atoms from Ag(1 1 1) along h1 1 0i (full
circles) and h1 1 2i (open circles). Curves represent results from
simulations using OCB (dashed-dotted), ZBL (dashed), Moliere
(dotted) and ‘‘individual’’ (solid) potentials.

ularly evident at small potential energies which are
equivalent to large distances between the collision
partners. The dashed-dotted curve represents calculations using the potential suggested by OÕConnor and Biersack (OCB) which shows an overall
better agreement with the experimental data as
the pure Moliere or ZBL potential do. The solid
curve shows the results obtained using the ‘‘individual’’ Ar–Ag potential calculated as described
above. They agree very well with the experimental
data over the complete range of transverse energies
Ez studied here. As can be seen in Fig. 2, a reasonable agreement of the simulated result is obtained
also for scattering along the h1 1 2i azimuth. Since
for this higher indexed axial direction distances between adjacent strings of atoms are smaller, the
corrugation of the eﬀective potential is smaller
than for the h1 1 0i direction. Therefore the rainbow angles are smaller in this case. We also recorded data for scattering of Ne atoms on
Ag(1 1 1) (not shown) with similar results as for
Ar projectiles.
Fig. 3 shows the interaction potential between
an Ar and a Ag atom as a function of the distance
and reveals a clearly too strong ZBL potential at
larger distances compared to the ‘‘individual’’ potential. The OCB potential is fairly close to the
‘‘individual’’ potential over the complete range
of relevant distances. This is the origin for the
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Fig. 3. Interatomic pair potentials for Ar–Ag as function of the
distance between the atoms: OCB (dashed-dotted), ZBL
(dashed), Moliere (dotted) and ‘‘individual’’ (solid) potential.

close agreement with the experimental data obtained by both potentials in the simulations of
trajectories.
The data for the scattering of Ne atoms from a
Cu(1 1 1) surface are given in Fig. 4. The rainbow
angles show a similar dependence as found for
scattering of Ar atoms from Ag(1 1 1). Calculations
using the individual potential result also in this
case in a good description of the experiments over
the complete range of Ez studied here (Ez < 80 eV)

Fig. 4. Rainbow angle Hrb as function of transverse energy Ez
for scattering of Ne atoms from Cu(1 1 1) along h1 1 0i (full
circles) and h1 1 2i (open circles). Curves represent results from
simulations using OCB (dashed-dotted), ZBL (dashed), Moliere
(dotted) and ‘‘individual’’ (solid) potentials.

176

A. Schüller et al. / Nucl. Instr. and Meth. in Phys. Res. B 230 (2005) 172–177

Fig. 5. Interatomic pair potentials for Ne–Cu as function of
distance between the atoms: OCB (dashed-dotted), ZBL
(dashed), Moliere (dotted) and ‘‘individual’’ (solid) potential.

for incidence along h1 1 0i and h1 1 2i. The other
potentials used provide rainbow angles which
underestimate the data.
Fig. 5 shows a plot of the corresponding interatomic potentials between a Ne and a Cu atom
as function of the distance. In the semi-logarithmic
plot it is evident that the ZBL potential is stronger
than the other potentials for distances larger than
about 3 a.u. Already in earlier studies evidence for
this feature was obtained [9,10,15,16], however, a
quantitative analysis of data was generally beyond
the scope of past studies. Our analysis provides detailed information in this respect.

4. Conclusions
In conclusion, we have presented an analysis of
rainbow structures observed in the scattering of
noble gas atoms from metal surfaces under axial
surface channeling conditions. The well deﬁned
peaks in the angular distributions of scattered
atoms allow us to analyze the data in terms of scattering potentials. It turns out that the rainbow angles are closely related to the geometrical structure
of potential energy surfaces up to several 10 eV.
This feature is the basis for detailed tests on established approaches for atomic pair potentials in an
interval of distances from about 2–6 a.u. For the

speciﬁc cases studied here, i.e. Ne–Cu(1 1 1) and
Ar–Ag(1 1 1), we ﬁnd an overall good description
of data by ‘‘individual’’ potentials, whereas Coulomb potentials with ZBL screening are generally
too repulsive for larger distances. We also reveal
that the application of a correction of the screening length in the Moliere potential as proposed
by OÕConnor and Biersack results in a better
agreement with the experimental data.
Finally we note that our method allows us to
perform detailed and general tests on interatomic
potentials and on concepts for the description of
screening phenomena by electron clouds of atoms.
It bears also the potential to investigate the eﬀect
of the solid on the interaction potentials. In recent
work with an Al surface, i.e. a metal with a higher
density of conduction electrons than Cu and Ag,
we found that the interaction potential has to be
corrected with respect to the eﬀect caused by
embedding the atomic projectile into the electron
gas of the selvedge of the surface [17]. This contribution can amount to corrections for the interaction potentials of up to some eV and is repulsive
for noble gas atoms but attractive for reactive
atoms.
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