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Abstract

The angular distributions of protons after traversing thin polycrystalline Al targets (�15 nm) with an incident energy

of 10 keV have been measured and an analysis of the targets by means of transmission electron microscopy (TEM) tech-

niques has been made. The separate influence of the different crystal characteristics and defects has been evaluated by

numerical simulation considering the interaction of the ion with all the nearest neighboring atoms simultaneously. In

the analysis we included the evaluation of the effects of lattice vibrations, oxide layers and foil roughness on the angular

distributions. Previous experimental data in monocrystalline and polycrystalline Au targets has also been analyzed. For

a consistency check a comparison with the results of the MARLOWE code for the simpler case of proton channeling in

h100i Al has been performed. As in the case of Au, the present results indicate that the experiments can be explained in

terms of a modified Moliere potential, and confirm the critical influence of crystal characteristics, in this case the amor-

phous oxide layer on the surface and the thermal vibration of the lattice atoms.
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1. Introduction

The penetration of swift ions in matter is deter-
mined mainly by two phenomena: the energy loss

and the angular dispersion. In this work we inves-

tigate some aspects of the latter process.
ed.
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The angular dispersion of swift ions in solids,

mainly determined by multiple scattering of the

ions by the atomic cores of the target, has been

investigated since the twenties of the past century

[1–3]. The first approaches to describe the multi-
ple scattering (MS) were based on the transport

theory [1]. Scott published an extensive review

of the advances obtained from the multiple scat-

tering theory in the small angle approximation

[4]. Later on, Meyer [5] presented a more general

approach, also for small angles, which was fur-

ther developed by Sigmund and Winterbon [6].

However, these approaches are not adequate to
describe effects arising from the crystalline struc-

ture of the solids. One of these effects, channeling,

manifests as an anomalously long range of the

ions, and has been observed by Davies [7] and

confirmed by computer simulations by Robinson

and Oen [8]. The basic theory of this phenome-

non has been presented by Lindhard [9] and a

complete review has been published by Gemmell
[10].

When describing the angular dispersion of ions

in polycrystals, these are generally treated as ran-

dom material and the MS formalism is used. How-

ever, important discrepancies have been found

when doing so [11]. At low energies additional

complications arise because of the limitations im-

plicit in the MS model, such as the non-applicabil-
ity of the small angle approximation. Therefore

the availability of theoretical models is even more

critical in this region.

The aim of this work is to improve the under-

standing of the passage of low energy protons

through polycrystalline targets. For this purpose

we made measurements of angular distributions

of protons in thin polycrystalline Al foils
(15 nm), and study crystalline effects such as chan-

neling and different crystal defects and foil charac-

teristics by computer simulations with an own

code which does not rely on the binary collision

approximation. This code contemplates different

atomic crystalline structures of the target and also

layers of random atoms. We also apply the simula-

tions to previously investigated polycrystalline and
monocrystalline Au targets [12].

In order to understand the phenomena on a

realistic basis we made an analysis of the targets
by means of transmission electron microscopy

(TEM) techniques.

In the following sections we sketch the experi-

mental method, describe the numerical simulations

and present the results.
2. Experimental method

The proton beam was generated in a hot dis-

charge ion-source followed by electrostatic acceler-

ation, steering and focusing stages, and a Wien

filter for mass selection. Neutral particles were
eliminated by electrostatic bending of the beam.

Some additional features has been described previ-

ously [13]. The angular analysis has been made

rotating an electron multiplier detector with angu-

lar resolution of 1.9�. Self-supported polycrystal-

line targets were elaborated by evaporation

under clean vacuum conditions on a very smooth

plastic substrate [14] which was subsequently dis-
solved. The resulting foils are very smooth as

was previously determined by an ion-beam tech-

nique [15]. The foil thickness (15.9 nm) was deter-

mined by measuring the proton energy-loss at

200 keV and using the stopping power values from

the Andersen and Ziegler tables [16]. The reason of

choosing 200 keV for this purpose is the higher

precision of the tabulated stopping power at high-
er energies.
3. Simulations

The paths of the ions traversing the crystal are

calculated considering the ion situated in a central

cell of a cluster of 3 · 3 · 3 fcc cells. The resultant
force of the interaction of the ion and all the sur-

rounding atoms inside this cluster, up to a distance

equivalent to one lattice constant, is derived from

the potentials. In this way the simultaneous inter-

action of the ion with up to 21 atoms is considered.

The trajectory of the ion is obtained by the discret-

ization of the standard kinematic equations into

small time steps. Each time the ion exits the central
cell of the cluster a new slab of 3 · 3 cells is gener-

ated in the corresponding direction. The backward

slab of cells is eliminated and therefore the projec-
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tile is always in the central cell of a 3 · 3 · 3

cluster.

The different starting points of the projectile

when it hits the foil are simulated randomizing

the initial position inside the central cell of the first
cluster. In the case of a polycrystal the different

random orientations of the microcrystals are simu-

lated by randomizing the initial direction of the

projectile relative to a coordinate system coinci-

dent with the principal axes of the crystal. When

the ion travels through two or more overlapped

microcrystals the direction of the new microcrystal

is again simulated randomly changing the ion
direction.

The angular distributions are obtained record-

ing the emergence angle of each ion after a number

of time steps corresponding to the target thickness.

To obtain a good statistics we calculate 5 · 105 tra-

jectories per spectrum in the case of channeling

and in the case of polycrystals, where the angular

dispersion is larger, we increment this number to
106.

We checked our simulation method comparing

results for a simple case (channeling) with those

obtained with the MARLOWE code for protons

of different energies traversing 10 nm aluminum

and gold foils, both using the same standard Mo-

liere potential. The results for Al are displayed in

Fig. 1. Some differences can be observed, which
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Fig. 1. Comparison of the results with the MARLOWE code

and our simulations for the case of proton channeling in

Alh100i excluding thermal vibrations. For these calculations a

standard Moliere potential has been used.
arise from the different approaches. Our results

show some structure and a stronger dependence

with the projectile energy.
4. Results

4.1. Aluminum

Fig. 2 shows the experimental angular distribu-

tion for 10 keV protons on a polycrystalline Al

target of 15.9 nm thickness together with the sim-

ulation results. To make a realistic simulation we
analyze the incidence of different crystal character-

istics present in our experiments, such as defects,

surface impurities and lattice vibrations. The tar-

get has been analyzed by transmission electron

microscopy, which showed that it was composed

of randomly oriented microcrystals of irregular

shapes and more or less homogenous dimensions

in the plane of the foil (�25 nm), somewhat larger
than the thickness of the target. That is to say a

foil consisted of a single layer of microcrystals.

This contrasts with our previously analyzed Au

foils where grain sizes in the range of 5–40 nm lead

to regions with crystallite superposition.
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Fig. 2. Experimental angular distribution and simulation

results including the analysis of the influence of thermal lattice

vibration, N2 and O2Al3 surface layers and effect of target

roughness. The open circles show the results considering

roughness in the polycrystalline Al layer and in the oxide layer.

The simulations neglecting lattice vibrations are indicated as

‘‘no vib.’’
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In this analysis of the influence of crystal char-

acteristics we also include the basic phenomenon

of channeling and the analysis of defects appearing

in Au foils we have previously investigated [12].

A particular feature of the aluminum is the exis-
tence of thin oxide layers on the surfaces whose ef-

fect has also been studied.

The different effects illustrated in Fig. 2 can be

successfully analyzed using a modified Moliere po-

tential, as will be discussed in the following

sections.

Calculations with other standard potentials like

1/rn, Lenz-Jensen, Thomas Fermi in the Sommer-
feld approximation and ZBL have been per-

formed, however when introducing the lattice

structure these potentials do not yield good results.

4.2. Channeling

As a fraction of the microcrystals which consti-

tute the target is aligned in channeling directions
this phenomenon has been analyzed in more detail

on the basis of our previous data [12]. Fig. 3 shows

the simulation results of angular distributions for

channeled 10 keV protons in a 10 nm monocrystal-

line gold foil oriented in the h100i direction and
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Fig. 3. Comparison of the simulated distributions resulting

from a 10 nm thick h100i monocrystal layer, a 10 nm

polycrystal layer with random orientated crystallites, including

thermal vibrations, and an amorphous layer of the same

thickness. In this case a multiple scattering calculation with the

formalism of [6] and a standard Moliere potential is displayed.

The solid circles represent the experimental data of [12].
the corresponding experimental values [12]. For

comparison with the experiment the simulation re-

sults have been convoluted with the detector

acceptance. As in the present case of polycrystal-

line Al, a reasonable agreement was achieved after
incrementing the screening distance of the Moliere

potential by 80%. However, we consider this mod-

ification in the screening distance as tentative and

subject for further investigations.

Fig. 3 also shows the simulation curves for a

thin (10 nm) single layer of tiny crystals with ran-

dom orientation. As expected they are significantly

broader than the channeling curve. We addition-
ally have included the multiple scattering function

for an amorphous target of the same thickness.

One can observe that the curve corresponding to

a polycrystal curve is narrower than that corre-

sponding to multiple scattering. We assume that

this is caused by coherence effects produced by

the regular lattice array of target atoms [11], an ef-

fect that is not included in the standard MS theory.
In order to prove the consistence of our simula-

tion results we also simulated the experiments per-

formed by Machlin et al. [17] and obtained a very

good agreement with their measurements modify-

ing Moliere�s screening distance in the same per-

centage we had used to simulate our experiments.

The results are shown in Fig. 4.
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Fig. 4. Experimental angular distribution from [17] for 92 keV

proton channelled through a h0,0,1i monocrystal gold film,

together with our simulation results.
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4.3. Effects of oxides, target roughness, thermal

vibrations and crystal disorder

Aluminum exposed to atmosphere is covered by

a thin oxide layer of approximately 2 nm thickness
[18]. This oxide has been included in the simula-

tions as an amorphous Al2O3 layer on each side

of an 11.9 nm Al foil. The effect of these layers

can be seen in Fig. 2 which also shows the results

for pure polycrystalline Al of 15.9 nm. As can be

seen the oxide leads to an appreciable broadening

of the distribution.

We also evaluated the possible influence of
nitrogen molecules adsorbed on the target surface

by introducing an amorphous monomolecular

layer at each side of the foil. The result can be ob-

served in Fig. 2, which shows a small, but not com-

pletely negligible effect.

The effect of a typical foil roughness was also

analyzed considering a Gaussian target thickness

distribution with a standard deviation of 13% re-
spect to the mean foil thickness. The net effect is

a slight reduction of the angular dispersion when

the roughness is considered as distributed on the

polycrystal and the oxide layer. However, a negli-

gible effect results when the roughness is assumed
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Fig. 5. Simulation results of the effects of thermal vibrations

and foil roughness in a polycrystal composed by 1 or 2

overlapped random oriented crystallite layers. Roughness has

been evaluated in the case of 1 random oriented crystal layer at

room temperature considering a value of 12%. The solid circles

represent the experimental data of [12].
to be on the polycrystal only. A more complete

analysis of these effects is shown in Figs. 2 and 5.

Another crystal characteristic which has to be

taken into account is the thermal vibration of the

lattice atoms. They were included in the simula-
tions adjusting the amplitude to make our results

compatible with MARLOWE code results for

channeling. The thermal vibration amplitude

resulting this way is 1.06 · 10�1 a.u. for Al. Figs.

2 and 5 show the influence of thermal vibrations

in the case of polycrystals composed by 1 or 2 over-

lapped crystal layers with different orientation.

Here we also include the evaluation of the effect
of twins, the most frequent crystal defect present in

the gold foil used in our previous measurement.

Twins are interfaces characterized by a high angle

tilt (70� in this case) of the atomic rows, generating

two rotated crystal regions with specular symme-

try. Fig. 6 shows the influence of twins on angular

dispersion when the ions traverse sequences of 1–4

twin interfaces inside of a single Au microcrystal
of random orientation. The TEM analysis of Al

foils reveals a negligible amount of twin layers,

so that they are not relevant in this case.

The impurity concentration both in Au and Al

crystals are less than 10�4 so that the effect on

the proton scattering can be neglected.
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Fig. 6. Simulation results of the effects of twin interfaces in a

single layer polycrystal of random oriented crystallites at room

temperature. The different curves correspond to sequences of 1,

2, 3 and 4 twin interfaces.
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Including the discussed features in the simula-

tions of the Al target we achieve a fairly good

accordance with the experiments as shown in

Fig. 2. In conclusion, these simulations show the

importance of thermal vibrations of the lattice
atoms and of the oxide layers on the surfaces,

while the influence of the foil roughness is found

to be very small.
5. Concluding remarks

We measured angular distributions of low en-
ergy protons in thin polycrystalline Al foils and

studied the effects of different crystal characteris-

tics found in the foils of the present measurements

and in the Au foil previously studied, and observed

the following:

• The simulations of the angular distributions in

ideal polycrystalline Al and Au foils using a
standard potential are narrower than the exper-

imental values.

• From an extensive simulations study we find

that the oxide layers present on the surfaces of

aluminum, as well as the thermal lattice vibra-

tions lead to a significant broadening of the dis-

tributions, while the influence of foil roughness

is found to be very small.
• In the case of Al targets the widths of the distri-

butions arising from numerical simulation fit

the experiment if the screening length of the

employed Moliere potential is modified as pre-

viously done for Au foils, and observed crystal

characteristics such as oxide layers and thermal

lattice vibrations are considered.
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