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Fast Monte Carlo simulation for elastic ion backscattering
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Abstract

A Monte Carlo method using ion packets is introduced. The method presented is optimal for the low probability

scattering simulations of multiple and plural backscattering effects. Non-Rutherford cross sections are easily imple-

mented in the framework of this model.
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1. Introduction

Rutherford backscattering spectrometry (RBS)

is a widely used powerful tool in determining the

elemental compositions in depth of various target

materials. One of the limitations of the method is

multiple scattering; this effect can significantly
contribute to the low energy tails of the measured

spectra. This is especially the case for thick targets

or low incident ion energies.

The data analysis is conventionally done simu-

lating the spectra by using single scattering mod-

els, where single scattering yields are calculated

from known scattering cross sections for ion

energies at subsequent slabs in the sample.
Improvements have been obtained by adding dual

or plural scattering models into the simulations

such as in SIMNRA [1]. Taking dual scattering

effects into account, however, makes simulations

very slow and problems are encountered if non-

Rutherford cross sections are employed.
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The scattering of single ions in various materials

can be simulated using MC – techniques with

programs like SRIM [2] resulting in very good

agreement with experimental data. Traditional

MC codes are slow in the case of ion backscat-

tering due to the very small large-angle scattering

probability. In this paper an approach using ion
packets in MC backscattering simulations is

introduced. The simulation time is reduced by

several orders of magnitude as compared to con-

ventional MC. A very simple fraction or packet

method is presented in the case of neutron scat-

tering in [3]. For elastic recoil detection analysis a

description of an optimized conventional method

can be found in [4].
2. Ion packet Monte Carlo scattering model

The idea of the ion packet MC is introduced in

Fig. 1. Each scattering event divides the ion packet

into two fractions: a small fraction is scattered, the

remaining fraction continues unperturbed. Initial
ion packet with a number of ions Q enters a sample

layer. A scattering event is forced to occur within

an areal density interval defined by a preset value
ved.
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Fig. 1. Schematic illustration for a two-fold scattering simula-

tion. Quantities in square brackets, described in text, are stored

at every scattering event. Depth interval Ntscatt is constant for all
packet directions.
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Ntscatt. The scattered packet DQ within the path

length Ntscatt is the part of Q scattered outside the

critical cone, determined by the critical angle hc.

The critical angle is defined as the smallest scat-

tering angle included in the calculations.
This procedure is used recursively for every

packet until one of the following conditions is

fulfilled: (1) the ion packet exits the sample, or (2)

the energy of the ion packet has decreased below a

preset minimum energy value, or (3) the number of

scatterings into different directions has exceeded a

preset maximum value. If the scattered ion packet

is headed towards the detector, it is followed to the
sample surface and recorded as an event.

At every scattering event a set of variables must

be stored, see Fig. 1; depth of scattering Z from

sample surface, fraction scattered Q, number of

scattering events NSC, directions h and a relative

to the selected coordinates, energy of the scattered

packet E and the total distance the packet has

travelled D. To calculate the scattering probabili-
ties and fractions that will be scattered, every Ntscatt
interval is further divided into thin slices DNt so
that both stopping power and scattering cross

section are very slowly varying (linear) functions

of energy over this DNt. If there is a sharp reso-

nance in the scattering cross section, the yield

caused by the resonance must be averaged over the

energy interval in question. Denoting an arbitrary
slice by i, the part of beam packet entering this

slice by qi and the part scattered outside the critical

cone and exiting from the ith slice by Dqi:

Dqi ¼ 2pDNtqi

Z 2p

hc

dh sin hrðh;EiÞ; ð1Þ

where rðh;EiÞ is the elastic differential cross sec-
tion and Ei is the energy of the ion packet in the

middle of the slice. The scattering probability in

the ith slice is

pi ¼
Dqi
qi

; ð2Þ

and for the next slice

qiþ1 ¼ qi � Dqi: ð3Þ
In the interval Ntscatt there are N ¼ Ntscatt

DNt slices. A
function

ck ¼
Xk

i¼1

pi; 16 k6N ; ð4Þ

is then used to locate the scattering depth in a

given interval Ntscatt by selecting a random number

in the interval �0 . . . cN � and finding the corre-

sponding depth. The part of beam packet scattered

into a new direction from this interval is the dif-

ference of Q when entering and leaving the inter-

val. Two more random numbers �hc . . .p� for
scattering angle and �0 . . . 2p� for azimuthal angle

are generated to determine the direction of scat-

tering. The scattered packet is weighted by the

differential scattering cross section of the selected

scattering angle.
3. Results and discussion

The advantage achieved by packet MC com-

pared to the conventional is based on the follow-

ing. The phenomenon to be examined is the

background in the backscattering spectrum, which

particularly consists of ions scattered several times.

Since backscattering probabilities are very small,

this leads to an extremely small probability of
detecting such ions. Conventional MC methods

always lose the ion if it is scattered into a �wrong�
direction. The ion fraction method in such a case,
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Fig. 2. Comparison between ion packet and conventional MC

showing the ability to collect plural scattering events as a

function of the maximum allowed scattering events. Simula-

tions were performed with the same critical angle for both

methods. Single scattering modes are scaled to unity in both

cases. It must be noted that this figure is only indicative, codes

like SRIM perform a huge number of small angle scatterings

and are not optimized for backscattering analysis.

Table 1

Effect of the maximum number of allowed scatterings to the

recorded events and calculated packets

Max. number of scatterings Packets Events detected

1 8 1

2 53 1

3 301 3

4 1560 14

5 6558 40

6 22,075 95

7 61,792 182

8 147,159 330

9 303,897 575

10 554,404 874

Simulation is for one packet, 2.0 MeV proton incident on 6 lm,

Nt ¼ 51� 1018 atoms/cm2 with a circular detector covering

backscattering angles ½162:5� . . . 167:5�½. Variable Ntscatt is cho-
sen to be 8 · 1018 atoms/cm2. Decreasing Ntscatt strongly in-

creases the number of calculated packets and events recorded at

the detector.
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however, loses only a fraction of ion packet.

Cumulatively the effect of this is enormous. This is

illustrated in Fig. 2. In practice, any scattered ion

registered as a count in the energy spectrum in

conventional MC will be divided into several

smaller fractions in the ion packet method. Thus,

multiple and plural scattering effects with very

good statistics are easily produced in the energy
spectra. Table 1 illustrates scattering events de-

tected for a single packet entering a sample when

the maximum number of allowed scattering events

is varied.

A spectrum simulated for 2.3 MeV protons

incident on carbon is presented in Fig. 3, where

elastic scattering cross section has resonant

behavior. Optical model calculation was carried
out with parameters taken from [6] to find the non-

Rutherford elastic differential scattering cross

sections at all scattering angles and energies below

2.3 MeV. The figure illustrates that the present

simulation method is feasible also in the non-

Rutherford case.

To demonstrate the role of the critical angle,

backscattering spectra simulated for 2.0 MeV
protons incident on 6 lm copper foil is presented

in Fig. 4 with different critical angle values.
Decreasing the critical angle value increases the
computing time, but the advantage of the use of

the interval scattering still remains. Discussion

about the choice of the critical angle can be found

in [5]. In both simulations in Figs. 3 and 4, the

electronic screening was included in the calcula-

tions [7].

A disadvantage of any MC method is that non-

Rutherford scattering cross sections must be
known over the entire energy–angle plane in

question. Also if a small Ntscatt is chosen and the

number of allowed scattering events is large this

method requires a lot of computer memory.
4. Conclusions

Plural and multiple scattering effects often play

an important role in ion backscattering experi-

ments. In order to reliably analyze light element

signals in backscattering spectra plural scattering

models or MC simulations are needed. The

method presented in this paper is a real time sim-

ulation with the present day computer capacity.

Statistics is gained from the simulation approxi-
mately at the same rate as from a routine back-

scattering experiment. The method provides a

useful tool for analyzing backscattering spectra or
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Fig. 4. 2.0 MeV protons incident on 6 lm copper calculated

with different hc values and comparison to SIMNRA. The in-

crease of kinematical straggling can be noted as the hc is

diminished. The low energy tail also shifts backward. The

SIMNRA simulation was calculated without straggling to

indicate the differences, dual scattering contribution was added

afterwards.
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Fig. 3. Simulated non-Rutherford backscattering spectrum for 2.3 MeV protons incident on carbon and comparison with �analytical�
GISA [8] (single scattering model). Plural scattering is weak in this case and the MC and analytical spectra are almost identical. The

insert also shows contribution of three- and four-fold scatterings in the logarithmic scale.
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even for spectrum fitting. Literature data for non-

Rutherford scattering cross sections are not always
available and nuclear scattering models must be

used as an instrument to find the scattering cross
sections as a function of energy and scattering

angle.
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