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Abstract
We present an alternative approach to describing Rutherford Backscattered (RBS) angular
yield scans. The Bloch wave method to formulate the cross-section is a fundamental approach
originating from Schrodinger's equation. This quantum formulation is often used when
describing various aspects of electron diffraction including Backscattering, EDX and TEM
but has seen little application to the very short wavelength regime of MeV ions. It offers
several significant advantages. Great freedom is given to crystal properties and structure in
the theory allowing a fundamental insight into the channeling phenomena and hence the
crystal itself. We have calculated both planar and axial channeling scans and these maps are
shown to be in good agreement to their experimental counterparts. There is excellent
correlation between the theoretical and experimental results for both %mjn and Xfm- Further
investigation is required into the area of absorption or dechanneling. This phenomenon
requires different mechanisms for electron and ion scattering differ greatly.

Introduction
Much debate was generated in the late 1960s1'2l when the first suggestions were made about
using a quantal approach to describe the channeling of a proton or heavier ion in a periodic
crystal lattice as opposed to the newly formulated classical method generated by Lindhard3.
This suggestion was motivated by the newly successful quantal approach describing the
diffraction of the electron in a periodic potential. The outcome of this debate was simply that
the theory is correct for both electrons and protons yet for protons, the calculation is
computationally difficult and expensive and, to a large extent, experimental conditions
reduces the possibility of observing any quantal effects4. Chadderton , in a review of this
discussion, acknowledged this but went on to say that if the classical method is used, the
calculation will not be correct if the situation is approaching the quantal realm as any quantal
effects will never be described by the calculations. Alternatively, if one uses the quantal
method, the classical limit may be approached, hence the calculation will always be correct
and will reflect both the classical and quantal effects. Nip and Kelly6 '7 '8 then proceeded to
formulate the Bloch wave equations taking into consideration the properties of an ion in a
crystal potential and any experimental conditions. They investigated the limits at which the
proton no longer needs be considered quantum mechanically.
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The classical limit
The classical limit for the scattering of charged particles in a crystal lattice as given by
Chadderton5 and formulated by Nip and Kelly is described as the small-transverse-
wavelength limit. This means

Xn «\axy Eq 1

for classical mechanics to be applicable. In this case X«y is the transverse de Broglie
wavelength defined by

Eq2

where m is the mass of the projectile, y* and vy are the velocities of the projectile in the
transverse x and y planes respectively and a^ is the smallest transverse interplanar spacing of
the crystal lattice.

This is equivalent to

a > 200 V Eq 3
/ I C

derived from the Uncertainty Principle, a is the interplanar spacing, X is the de Broglie
wavelength and y/c is the critical scattering angle derived by Lindhard3. Depending on the
experimental conditions this may hold true for "heavy" particles while for electrons it will
never be the case and must be treated wave mechanically. Hence the proton is very close to
the transition between quantal and classical mechanics.

Theory
The Schrodinger equation is solved to determine the wave function, *F(K,r), of an ion
traversing through a crystal lattice9 using the elastic scattering potential of the crystal lattice,
V(r), the potential representing absorptive scattering, W(r), and the properties of the ion, the
energy, E, and the reduced mass of the system, m. The crystal potential is periodic, hence the
wave function can be given as a linear superposition of Bloch states10,

T(K, r) = X a ' X C; exp[f(K + Xn + g> r] Eq 4

where K is the wave vector in a crystal corrected for refraction, d is the excitation amplitude
of the rth Bloch wave, Cg' are the Bloch wave coefficients, X are the complex eigenvalues
which contains the absorption coefficient, n is the surface normal directed inwardly and g is
the reciprocal lattice vector.

The crystal potential is derived from a screened Coulomb atomic potential, where the
screening function used is the Universal screening function11 which is considered to be the
best fit to the full spectrum of data12.

The total scattering cross section, <x, can be defined as the rate of absorption of ions in a
crystal of volume V. Therefore the cross section is proportional to the integral of the rate of
flux loss per unit volume 3

•JW(r)|¥(r)|2<2r Eq5

Hence the cross section for a single process, such as Rutherford Backscattering, can be
obtained by using the appropriate component of W(r), i.e. WRBS(r)14. Note that the wave
function is complete and that all absorptive processes have been considered in formulating the
wave function. For a more complete derivation and discussion of the theory, the reader is
referred to the references 15 and 16. .
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e
Results

Experiments-

The Melbourne University microprobe was used to
generate the RBS 1-D and 2-D angular scans of the
<100> axis and constituent planes for Ni and FeS2
crystals. lMeV protons were used in an unfocussed,
collimated beam. An angular resolution of 0.1° was
used over a range of ±2° about the axis. The scanning
was done using the G-Paq data acquisition package
developed within the Microanalytical Research
Centre.17

Calculations-

Figure 1 2-D angular scan of the
<100>axisofFeS,
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We present the quantal RBS
calculation of a heavy charged MeV
particle in a crystal lattice. The
examples mentioned in the
Experiments section have been
simulated using the program CPBW
(Charged Particle Bloch Wave). This
program gives great freedom in its
parameters in order to simulate the
experimental conditions as closely as
possible. The temperature, thickness
of the sample, the type of crystal
including multiple elements and
concentration of impurities and
angular resolution are all considered.
Both the crystal potential and the RBS
cross section can be calculated for
both the planar orientation and the
a x i a l orientation for any combination
of parameters mentioned above. In
this work we present both planar and
^ial angular scans of the RBS cross
s e c t i o n F o r ±Q ^ ^ o r i e n t a t i o n t h i s

includes both 2-D scan about the axis
and 1-D scan through the axis at a chosen angle to (j). For the RBS calculations, the scans can
be calculated for a particular element only or all constituent elements which make up the
compound.

Comparison-

We get excellent agreement when comparing the experimental angular scans with those
simulated by CPBW15'16, especially the %min and \[/i/2, the minimum depth and the half width at
half maximum. The shoulder region is overestimated but with a suitable absorption or
dechanneling mechanism these shoulders are reduced. The beginnings of this can be seen in
reference 15 using a mean absorption. Clearly a stronger absorption is required in the
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Figure 2 Calculated angular yield curves for {100} nickel
for a depth of 250nm compared to experiment (circles),
Also show the variation from the initial calculation to
taking into account beam convergence and including a
mean absorption.



shoulder region and hence the absorption needs to be angular dependent. This is still being
investigated, as the Einstein model, used with electrons, for thermal diffuse scattering, the
major contributor to absorption, is not as applicable for protons.

Conclusions
The results from the calculations when compared to the RBS experimental data provide very
encouraging and promising results. Further work is required in the area of absorption or
dechanneling in which case the properties of electrons and protons differ greatly in the
mechanisms for absorption and the properties effecting these mechanisms.
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