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Abstract
The Lindhard theory[l] on ion channeling in crystals has been widely accepted throughout ion
beam analysis for use in simulating such experiments. The simulations use a Monte Carlo
method developed by Barret[2], which utilises the classical 'billiard ball' theory of ions
'bouncing' between planes or tubes of atoms in the crystal. This theory is not valid for 'thin'
crystals[3] where the planes or strings of atoms can no longer be assumed to be of infinite
proportions. We propose that a theory similar to that used for high energy electron diffraction
can be applied to MeV ions, especially protons, in thin crystals to simulate the intensities of
transmission channeling and of RBS spectra. The diffraction theory is based on a Bloch wave
solution of the Schrbdinger equation[4] for an ion passing through the periodic crystal
potential. The widely used universal potential[5] for proton-nucleus scattering is used to
construct the crystal potential Absorption due to thermal diffuse scattering[6] is included.
Experimental parameters such as convergence angle, beam tilt and scanning directions are
considered in our calculations. Comparison between theory and experiment is encouraging and
suggests that further work is justified.

Introduction
In the 1960's a debate was begun about the possibility of proton diffraction in thin crystals and
whether such effects were observable. The debate, led by Chadderton[7], suggested that
diffraction effects were observable, but ended abruptly when Cowley[8] responded by agreeing
that proton diffraction was possible yet the present technology was unable to observe these
effects and any calculation performed would be more complicated than for electrons and that
computer capacity was limited.

Since the debate, the theory of electron diffraction has been more fully developed
[4,6,9] and is implemented in simulating many electron experiments. Rapidly expanding
computer technology has enabled the large quantum mechanical calculations to be performed
quickly and accurately. The introduction of the ion microprobe has enabled a much more
controlled experimental environment. This means energy spread can be considered
insignificant, collimation and magnetic lens systems produce the desired amount of divergence
or convergence and data acquisition is much more sophisticated and precise.

So, with today's technology and knowledge, the theory for electrons, we propose, can
be extended to the passage of protons through a crystal. Protons have a large mass in
comparison to electrons, so even at MeV energies, they are effectively non-relativistic. Due to
the small de Broglie wavelength of the protons, the classical limit of the quantum mechanical
formulation is being approached. Hence the classical Lindhard derivation utilised with the
Monte Carlo method has generally sufficed. The purpose of using diffraction theory is to
provide an insight into physical phenomena fundamentally derived from the quantum
mechanical point of view.

Theory
The total crystal potential,

(1)



includes the anomalous absorption
potential, V'(r), due to thermal diffuse
scattering (TDS) caused by the thermal
vibration of the lattice atoms and V(r) is the
crystal potential. The crystal potential can
be represented as a Fourier series,

(2)

The atom-ion potential uses the universal
screening function,

ae (3)
'» 1=1

a, = (0.1818,0.5099,0.2802,0.02817)

Pi =(3.2,0.9423,0.4029,0.2106)

fl = 0.8853as/(Z1°-23+Z2
0-23)

where r is the atom-ion distance, Zie and
Z2e are the charge of the ion and atom
respectively and aB is the Bohr radius.
The quantum mechanical formulation
makes use of the Bloch wave, ip(r), to
describe the path of the ions.

(4)

A, are the complex amplitudes, Cg' are the
Bloch wave coefficients, g is the reciprocal
lattice vector and k1 is the associated
complex wave vector
k ' = K + # n , (5)
where K is the incident wave vector, X
contains the absorption coefficients and n is
the unit normal vector to the crystal
surface. By inserting equations 2 and 4 into
the SchrSdinger equation it is possible to
obtain results for the complex amplitudes,
Bloch wave coefficients and absorption
coefficients. This then defines the Bloch
waves explicitly.

Rutherford Backscattering intensity
is then considered as proportional to the
depth averaged probability of the proton
being present on the lattice sites at a
particular orientation given by:

(6)

where y/ is known by solving the
Schrodinger equation and Ims is the
contribution from thermally scattered
component of the beam intensity[10].

TDS incorporates a temperature
dependent calculation by use of the Debye-
Waller temperature factor[l 1]

= exp[-2n2{u2)g2], (7)

with <u2>, the mean squared vibrational
amplitude of the lattice atom.

Program
The program for simulating channeling
phenomena using diffraction theory
currently includes both transmission and
RBS geometry for axial and planar
orientations in one or two dimensional
scans. Other features such as the crystal-ion
potential profile and calculation of the
Debye temperature and <a2> also provide
useful information on the behaviour of the
scattered ion.

Experimental conditions, such as tilt
angle from any axis or plane, scan size,
angular resolution, beam energy and
convergence, temperature and thickness of
the sample can be simulated within the
program. Also the ability to calculate the
channeling pattern for a particular element
or type of lattice atom in a multi-elemental
sample is also available.

Results



Preliminary results using the program are encouraging. With fine tuning we hope to produce an
accurate way to determine the channeling patterns of various samples as well as gaining
fundamental insight into the scattering process.

The following diagrams are the theoretical simulations of RBS in the <001> orientation
for diamond at room temperature. The figures 1 and 2 are for 500A and 1000A thick samples
respectively. The scan is over 1.0° with 0.02° resolution and the scattering ion is a 0.5MeV

proton. As is observed, the relative depth and width of the channels
in each figure is representative of any experimental channel pattern of
this orientation. The shoulder feature of the channel can also be seen,
represented by the bright bands bordering the channels indicating a
higher intensity than that of a random orientation. The channels
clearly become thinner with increase in thickness which is also
expected experimentally.

Fig. l<001>Di500A

Conclusion
Much work is still to be done in refining our calculations and in
understanding phenomena such as the effects of temperature, beam
energy, crystal type, thickness and the impact these have on the
diffraction of protons within the sample. The model could be used to
investigate high temperature superconductors through their phase
change and to investigate the magnetic properties of crystals. The
availability of the nuclear microprobe at the University of Melbourne
enables us to perform the simulations according to the experimental
conditions known and consequently the experiments can be
performed in a controlled and optimised situation determined from
the results of the simulations. It is intended to perform these
experiments in-house to confirm the simulations, although it is already
clear that the simulated channel patterns are remarkably similar to

those observed in RBS axial channeling experiments.

Fig. 2 <001> Di 1000A
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