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The stopping power and straggling of backscattered protons on nanometric Pt films were measured at low
to medium energies (60–250 keV) using the Medium Energy Ion Scattering (MEIS) technique. The stopping
power results are in good agreement with the most recent measurements by Primetzhofer [Phys. Rev. B 86 (2012)
094102] and are well described by the Free Electron Gas (FEG) model at low projectile energies. Nevertheless, the
straggling results are strongly underestimated by well-established formulae up to a factor of two. Alternatively, we
propose a model for the energy-loss straggling that takes into account the inhomogeneous electron gas response,
based on the Electron Loss Function (ELF) of the material, along with bunching effects. This approach yields
a remarkable agreement with the experimental data, indicating that the observed enhancement in energy-loss
straggling is due to bunching effects in an inhomogeneous electron system. Non-linear effects for the energy-loss
straggling are of minor importance.

I. INTRODUCTION

The electronic stopping power is a fundamental quantity
describing the interaction of ionizing ions with matter. It is
a key parameter in a broad spectrum of applications, ranging
from ion-beam analysis [1] to hadron therapy [2]. For all
current applications the precise knowledge of the mean energy-
loss per distance traveled by the ion (so-called stopping power)
and its corresponding fluctuation variance (so-called energy-
loss straggling) are of crucial importance. Notably, in the case
of ion velocities of the order of the Bohr velocity (of about
c/137) the existing models are not accurate enough to meet
the needs of many different applications. This is particularly
true for the energy-loss straggling used in Medium Energy
Ion Scattering (MEIS) experiments, where this parameter is
important for the interpretation of spectra of thin films [3, 4]
and for the size determination of nanostructures composed of
heavy metals [5, 6]. In addition, metals such as platinum (Pt)
have few and contradictory experimental stopping results for
medium-energy ions [7]. This metal is one of the most relevant
transition metals in heterogeneous catalysis, where it is mostly
used in the form of nanometric clusters. For instance, it is
catalyst for the conversion of NO, a main component of the
air pollution [8], into N2 and O2 [9]. MEIS is a powerful tool
to determine the inner structure of nanoparticles [6] and more
precise data on energy-loss straggling are required to expand
the use of MEIS to better characterize Pt-based catalysts.
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In this work we investigate the stopping power and energy-
loss straggling of medium energy H+ ions in a planar system of
Pt nanofilms deposited on silicon dioxide (SiO2) over silicon
(Si) substrate. The Pt layer was independently characterized
by Transmission Electron Microscopy (TEM), X-Ray Reflec-
tivity (XRR), Coulomb explosion depth profiling [10–13] and
Atomic Force Microscopy (AFM). In addition, the areal density
of the Pt atoms was evaluated by Rutherford Backscattering
Spectrometry (RBS). The parameters obtained from these mea-
surements were fixed in the simulations of the MEIS spectra
to extract the stopping power and energy-loss straggling of the
Pt layer as a function of the projectile energy. These data are
compared to predictions/results of different models of stopping
and straggling. Particularly, for the energy-loss straggling a
model is developed here that takes into account the electron
response based on the Electron Loss Function (ELF) of the
material, similar to a recent approach proposed for stopping
power calculations [14]. In addition, the bunching effect [15]
due to spatial correlation in electron-density inhomogeneities
was taken into account.

This work is organized as follows. In Sec. II we present
the procedure of synthesis and characterization of samples and
the main experimental techniques used in this work. Then, in
Sec. III, the theoretical model of the energy-loss straggling is
described in detail. Finally, we present and discuss the results
obtained for the stopping power and energy-loss straggling
analysis for low to medium energy protons on Pt in Sec. IV.
Atomic units (me = 1, ~ = 1 and e2/(4πε0) = 1) and non-
relativistic expressions are used throughout this work, unless
stated otherwise.
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II. EXPERIMENTAL PROCEDURE

Two sets of samples (A and B) were prepared by DC Sput-
tering technique at the Nanometric Conformation Labora-
tory (NCL) of the Federal University of Rio Grande do Sul
(UFRGS) for MEIS analysis using two different facilities, at
the ion beam laboratory of the UFRGS (sample A) and at
the Helmholtz-Zentrum Dresden-Rossendorf - HZDR (sample
B). The Pt was deposited on a native SiO2/Si (100) substrate
(sample A) and on a thermally grown SiO2 (90 nm)/Si (100)
substrate (sample B). The Pt thicknesses for sample A and B
were 7 and 20 nm respectively. Using these two samples we
were able to investigate the influence of sample thickness on
the stopping power and energy-loss straggling measurements.
The actual thickness and roughness of samples were measured
with different techniques (TEM, AFM, XRR). In addition, the
total number of Pt atoms per cm2 was measured by the RBS
technique. The characterization procedure for each sample is
explained in what follows.

Sample A was analyzed by TEM (Figure 1) using a JEOL
2010 microscope operating at 200 kV from the Center for Mi-
croscopy and Microanalysis (CMM) at UFRGS. The sample
was cut, glued and thinned using mechanical polishing and ion
milling. The thickness of the Pt layer was found to be 7.0±0.3
nm. The corresponding uncertainty was determined from the
instrumental precision of 3% and the standard deviation mea-
sured for different magnifications of the same region. This

FIG. 1. TEM cross-section image of the Pt/SiO2/Si (sample A) mea-
sured at the CMM of UFRGS.

value was in agreement with measurements by the Coulomb
explosion technique, using a molecular beam to provide the
actual thickness of sample (see Supplemental Material for the
description of this technique). The thickness of the Pt layer and
the areal atomic density (N ) obtained by RBS [16] were used
to obtain the layer density. The result is about 12% smaller
than the Pt bulk density. This method has been used to evalu-
ate thin film densities in the literature [17, 18]. This density
value of 18.9 g/cm3 was then used to simulate the MEIS mea-
surements performed at the UFRGS. The decrease in the film
density is well established in the literature due to e.g. a porous
microstructure and voids [18].

Sample B was analyzed by XRR at the NCL. The corre-
sponding thickness of Pt layer was 19.5±0.4 nm. Such a thick-
ness together with RBS measurements for the total number of
Pt atoms per cm2 provided a layer density that is close to the Pt

bulk density (21.45 g/cm3). This density value was then used
to simulate the MEIS measurements performed at the HZDR.
Further details of the thickness and density determination are
in the Supplemental Material.

The ion-scattering measurements were performed at two
MEIS facilities (UFRGS and HZDR). In both labs an electro-
static accelerator provided a normal incident beam of H+ with
energies ranging from 60 to 250 keV at UFRGS and 60 to 120
keV at HZDR. In the two labs the backscattered H+ ions were
analyzed with a Toroidal Electrostatic Analyzer (TEA). At the
exit plane of the TEA a pair of micro-channel plates coupled
to a position-sensitive detector was used to measure the energy
and angle for the scattered ions [19, 20]. The samples were
loaded in each MEIS chamber without any further treatment.
The UFRGS (HZDR) analyzer, with angular aperture of 24
degrees (29 degrees), was mounted at 120 degrees (118 de-
grees) with respect to the incident beam. A 2D map of ion
scattering yield as a function of the energy and angles was
measured in both systems. The overall energy resolution of
each system was 4.5× 10−3 and 2.1× 10−3 for UFRGS and
HZDR respectively.

FIG. 2. (a) Experimental and (b) simulated 2D-MEIS spectra taken
with 250 keV H+ and normal incidence for sample A. The colors
represent the backscattering yield on a log scale.

Figure 2 presents the 2D MEIS map of ion yield as a func-
tion of ion energy and angle taken with 250 keV H+ for ions
impinging on sample A at normal incidence. Because of the
large difference between the Pt and Si masses both signals are
well separated for this ion energy as indicated in Fig. 2. All
MEIS spectra were analyzed with the PowerMEIS-3 (PM3)
software [21–23]. This software uses a Monte Carlo algo-
rithm that performs simulations of the interaction of ions (and
electrons) with matter including multiple scattering (MS) and
reliable scattering cross-sections. Since neutralized ions can-
not be measured by the TEA, we included the neutralization
correction from the Marion equation [24] in the simulations.

For all PM3 simulations we used the Pt thickness of 7.0 nm
(19.45 nm) and density of 18.9 g/cm3 (20.8 g/cm3) for sample
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A (B) and varied the stopping power and energy-loss straggling
to get the best fit of the measurements for three scattering
angles. In addition a small amount of carbon (less than 2
nm) was included on top of the sample to simulate the effect of
hydrocarbon contamination (visible for backscattering energies
below 200 keV marked by "C"). It caused a small overall
shift in the energy spectrum and a maximum broadening of
about 180 eV, which had a very small influence on the present
results. Such methodology allowed for the determination of
the stopping power and energy-loss straggling values for each
projectile energy.

III. THEORETICAL PROCEDURE

The Free Electron Gas (FEG) model is a simple, but pow-
erful approach to describe the energy loss of ions in solids
[15, 25, 26]. At very low projectile energies only the valence
band electrons contribute to the stopping and straggling values.
For quasi free-electron metals these electrons can be modeled
by a homogeneous electron system using the electron density
or plasmon energy. For increasing projectile energies other
electrons with different densities and larger binding energies
come into play giving rise to the remarkable effects discussed
recently by Sortica et al [27] and Matias et al [28]. In general,
the valence band electrons have to be treated as an inhomo-
geneous electron gas system composed as a superposition of
electron gases with different local densities [28]. For all target
electrons Bonderup and Hvelplund [29] used the local-density
approximation to evaluate the straggling based on the Lind-
hard formula [30], which relies on the linear approximation
for the interaction of the projectile with the electrons from the
medium. Vos and Grande proposed recently [14] a non-linear
scheme based on an extension of the dielectric function model
to describe the energy-loss of ions in solids. In this method,
the energy loss is calculated for a statistical ensemble of FEGs
with different plasmon energies as suggested by Penn [31] in
the context of the electron inelastic mean free path. For each
density the momentum transfer rate from the electrons to the
ion (the transport cross-section - TCS) is calculated using a
self-consistent screened electron-ion potential, which provides
a nonlinear method to calculate stopping and straggling values.

Specifically, in this model, called here TCS-Penn model,
each electron-gas density is weighted according to the loss
function of the material in the optical limit as:

g(ωp) =
2

πωp
ELF(ωp), (1)

where ELF(ω) is given in terms of the dielectric function of the
material as Im[−1/ε(ω, q = 0)]. Each electron-gas contribu-
tion is described by the plasmon energy ωp obtained either from
the electron gas density n or from the radius of a sphere whose
volume is equal to the volume per a free electron (Wigner-Seitz
radius rs) as ωp =

√
4πn =

√
3r
−3/2
s . The stopping power

for a projectile charge Z1 is then given by [14]

STCS-Penn =

∫ ∞
0

dωpg(ωp)STCS(Z1, ωp) (2)

with the stopping power STCS(Z1, ωp) given in terms of the
transport cross-section σtr according to [25]:

STCS(Z1, ωp) =

〈
|~ve − ~v|

v
~v · (~v − ~ve)σtr(|~ve − ~v|)

〉
~ve

,

(3)
where ~v is the ion velocity and 〈...〉 stands for the average
over the electron velocities ~ve according to the distribution of
a degenerate electron gas with Fermi velocity determined from
rs [25].

In the original Penn approach the dielectric function and
thus the stopping is calculated for each density fraction and
is evaluated based on linear (first Born-type) theory. Here we
still use a density fraction based on the dielectric function but
go beyond first order by evaluating the stopping of a FEG
based on the transport cross section σtr. It is evaluated in the
frame where the projectile is at rest and the target electrons
are moving. As usual, a central potential is assumed for the
electron scattering off the ion allowing for the well established
partial-wave analysis [25]. Thus, σtr(k) can be expressed by
phase shifts δ` at the relative speed v′, according to [25]

σtr(v′) =

∫
(1− cos(θ)) dσ(θ) (4)

=
4π

v′2

∞∑
`=0

(`+ 1) sin2 (δ` − δ`+1) .

We used the Yukawa potential for the electron-ion potential
with a velocity-dependent screening-length (α−1) from Ref.
[32], which is an interpolation between the high ion velocity
α = ωp/v and α0 for v → 0 determined from the static Friedel
sum rule [33].

Here we extend the above concept to the energy-loss strag-
gling Ω2 ([energy2/distance]) by using

Ω2
TCS-Penn =

∫ ∞
0

dωpg(ωp)Ω2
TCS(Z1, ωp), (5)

with the straggling Ω2
TCS(Z1, ωp) given in terms of the trans-

port cross-sections σtr and σtr2 according to [15]:

Ω2
TCS(Z1, ωp) =

〈
n
|~ve − ~v|

v

((
(v2 − ~v · ~ve)2 (6)

− 1

2
(v2v2e − (~v · ~ve)2

)
σtr2(|~ve − ~v|)

+ (v2v2e − (~v · ~ve)2)σtr(|~ve − ~v|)
)〉

~ve

where n is the electron gas density (4πn = ω2
p) and σtr2 is

given by [15, 25, 34]

σtr2(v′) =

∫
(1− cos(θ))

2
dσ(θ) (7)

=
4π

v′2

∞∑
`=0

(`+ 1)
(

2 sin2 (δ` − δ`+1)

− `+ 2

2`+ 3
sin2 (δ` − δ`+2)

)
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For a degenerate electron gas a full and more detailed ex-
pression of the straggling cross-section WTCS = Ω2

TCS/n is
given in Ref. [35] as well as the corresponding correction
for the Pauli principle. This correction basically affects the
energy-loss straggling at low energies giving rise to an energy-
loss straggling vanishing as v2 instead of v for v → 0. The
results from Eq.(6) are corrected in what follows for the Pauli
Principle as described in Ref. [35].

In order to get numerical values of the stopping and strag-
gling for Pt we need a description of the ELF. Werner et al
published an estimate for the valence band region based on a
reflection electron energy loss experiment [36]. The use of this
dielectric function results in an underestimation of stopping
and straggling as the contribution of core electrons is signifi-
cant. Sun et al published a parameterization of the ELF up to
2 keV [37], based on optical data from Weaver [38], Hunter et
al [39] and Henke [40]. This parameterization was used in the
following results.

For an inhomogeneous electron system there is an additional
source of energy-loss straggling called bunching effect [15, 41]
caused by the spatial distribution of the electrons in each atom.
Indeed, the energy loss straggling for a inhomogeneous elec-
tron system as an atom with different shells is not the same as
for a homogeneous system with the same average density. First
calculations of this effect for light ions were reported by Besen-
bacher et al [41]. This contribution is typically important for
projectile energies close to the maximum of the stopping power
and has been investigated only in a few systems [15, 42–44].
It depends on the impact-parameter dependent mean energy
loss T (b) in ion-atom collisions and, as shown in Ref. [44],
the additional straggling cross-section (∆Wb) reads according
to the independent electron model

(∆Wb) =

∫
d2b

(∑
i

fi Ti(b)

)2

−
∑
i

fi

∫
d2b Ti(b)

2,

(8)
where fi is the number of electrons in ith shell and Ti is the
mean energy loss of an electron in the ith shell. The energy
loss straggling due to the bunching effect (∆Ω2

b) was then
calculated from Eq.(8) times the Pt density. In what follows we
calculated the bunching effect from Eq.(8) using the shellwise
mean energy loss Ti(b) per electron obtained from the CasP
program [45]. It is pointed out that the CasP program cannot be
used to calculate the usual uncorrelated straggling contribution.

IV. RESULTS AND DISCUSSION

Using the thickness and density as determined independently
by other techniques each MEIS energy-spectrum was fitted to
the corresponding experimental result by varying the stopping
and straggling parameters. For this sake we used three differ-
ent scattering angles, which were simulated using the same
stopping power and energy-loss straggling values. In Fig. 3 we
present the experimental data and corresponding simulations
for sample A at 60 and 250 keV. See Supplemental Material
for other energies and angles measured at HZDR and UFRGS.
In addition, the measurements were simulated with and with-

FIG. 3. MEIS spectra as measured at UFRGS for two scattering
angles (110 and 130 deg) and two projectile energies: a) 60 keV and
b) 250 keV. The black circles represent the experimental data for
sample A. The lines are the best fit simulations obtained from PM3
without (blue line) and with (red line) multiple scattering.

out multiple scattering events. The latter implies straight-line
trajectories of the ions before and after the backscattering col-
lisions (the v-shape model) whereas the former is full Monte
Carlo calculations, based on a variation on the trajectory rever-
sal approach to connect incoming and outgoing ion trajectories
[22]. One set of ion trajectories is simulated for ions impinging
on the sample and another set of ions emerging from the ana-
lyzer to be connected. An inspection in Fig. 3 shows a much
stronger contribution of multiple scattering collisions at 60
keV compared to 250 keV. Particularly at 60 keV the Pt and Si
signals overlap at 110 degrees and therefore the corresponding
energy rear and front edges are not distinguishable anymore.

The stopping power results from full Monte Carlo (MC)
simulations are depicted in Fig. 4 with other experimental
results and theoretical models (see figure caption for details).
The stopping results obtained for samples A and B agree with
each other showing good reproducibility of the method for
different samples and MEIS facilities. Both results for sample
A and B are in good agreement with the most recent ones
from Ref. [49, 52] measured by TOF-MEIS and ICRU49
[53] values. However, they are about 20% larger than other
previous experiments and SRIM [54, 55] values. The TCS-
Penn results agree with present experimental data and Ref.[49]
data at low energies (below 80 keV) within 5% but disagree
with the present experimental data for higher energies reaching
15% at 250 keV. The origin of this discrepancy is not clear and
may be related to accuracy of the Pt loss function employed
here. As expected the TCS-Penn results converge to FEG
values (DFT) from [49] at very low projectile energies since
this last approach used an electron density obtained from the
plasmon peak as described by the ELF from Sun et al [37]. In
fact, the agreement of TCS-Penn model with the most recent
experimental data is rather good at low energies, where the
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FIG. 4. Stopping cross-section for H+ on Pt. Previous experimental
data are described by letters taken from Ref. [7] (A – Ref. [46], B
– Ref. [47], C – Ref. [48], J – Ref. [49], K – Ref. [50], L – Ref.
[51] and M – Ref. [52]). The symbols correspond to the present
stopping results obtained from full Monte Carlo (MC) simulations.
Dash-dotted curves blue and yellow correspond to ICRU49 [53] and
TCS calculations using DFT potential as extracted from Ref. [49].
Solid black and green lines correspond to present TCS-Penn model
and SRIM [54, 55] model respectively.

loss function of Pt is dominated by the plasmon contribution.
For higher energies, other structures of loss function come into
play, which come from inter-band transitions involving shallow
and inner shells. The use of a FEG-based theory for theses
transitions is more approximate and an error of the order of
10% is not unexpected.

Figure 5 shows the energy-loss straggling results as extracted
from the MEIS spectra for sample A and B as a function of
the projectile energy. The error bars stem from variations
that corresponded to the best fitting of the spectra at different
scattering angles. The results of the energy-loss straggling
obtained from full Monte Carlo simulations are systematically
smaller than the ones from v-shape simulations. This is because
multiple scattering collisions increase the path length of ions
along the incoming and exit trajectories leading to a broadening
of the energy-loss spectrum.

The effect of nonuniformities in sample thickness was taken
into account according to [15]

Ω2
exp.corr. = Ω2

sim − S2δ2/t (9)

where Ω2
sim is the straggling value obtained from the MEIS

simulations, S is the stopping power, δ2 is the variance for
total traveled thickness t (sample roughness). Here the total
traveled thickness is about 3 times the sample thickness due to
the geometry. The typical roughness and sample thickness vari-
ation is about 0.35 nm as determined by TEM, AFM (sample
A) and XRR (sample B) measurements. The corrected values
Ω2

exp.corr. using the stopping power values determined from the
measurements for each energy are shown in Fig. 5. As for
the stopping results the straggling values for samples A and B
agree mostly with each other although the samples thicknesses
were quite different. It is pointed out that Kido and Koshikawa

[56] have measured the energy loss straggling for H+ ions in
Cu, Ag and Pt, but their results are too small and at variance
with all other experimental data and, consequently, the results
are not included in the figure presented here. An analysis of
their published MEIS spectrum with different MEIS simulation
programs gives results close to the present ones.

As can be observed in Fig. 5, the present experimental re-
sults are much larger than predicted by frequently used energy-
loss straggling models such as the Lindhard [30] and Chu
[57, 58] formulae. These models also rely on FEG approxi-
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FIG. 5. Energy-loss straggling of H+ on Pt as a function of energy
(60 to 250 keV) divided by the Bohr value Ω2

B = 2.03 × 10−11 eV2

cm2. The symbols correspond to the present energy-loss straggling
results obtained from full MC simulations for sample A (blue dots)
and sample B (red circles). Solid lines green and blue correspond to
TCS-Penn and TCS-Penn with bunching effect models respectively.
The dash-dot-dot curve corresponds to TCS-Penn with Z1 = 0.1.
The dashes curves correspond to energy-loss straggling obtained for
Chu (red), Lindhard (black) and Yang-O’Connor (gray) models. The
uncorrelated straggling (TCS-Penn calculation) amounts to 67% of
the experimental one at 100 keV/u.

mation but assume a linear interaction between the incoming
proton and the medium as well as a simplified description of
the target electrons. In addition, the shell-wise local plasma
approximation (SLPA) [59], which is also linear and based on
FEG, gives results that are close to the Chu formula (not shown
here). For all these models the straggling grows as Z2

1 for
increasing projectile charge Z1. In contrast the present calcula-
tion (TCS-Penn) is non-linear and provides a better description
of the target electrons through the ELF of the material relative
to the FEG-based Chu and Lindhard models. The non-linear
effects are indeed small as can be seen from the comparison
between TCS-Penn calculations for Z1 = 1 and Z1 = 0.1
shown in Fig. 5. Therefore, non-linear effects cannot explain
the present measured values of energy loss straggling.

It should be noted that the Yang-O’Connor empirical strag-
gling formula [58] gives much larger straggling results for H+

on Pt, which agrees with our experimental data for energies
below 150 keV but overestimates for larger energies. This
formula also provides straggling values much larger than the
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Chu formula for H+ projectiles on many different elemental
targets [58].

The TCS-Penn approach still underestimates the experimen-
tal straggling data. We expect the validity of TCS-Penn calcu-
lations for straggling to be somewhat better than for stopping
since straggling is dominated by larger momentum transfers,
where the dielectric function merges with the Bethe ridge for
all models. In addition, possible inaccuracies of the loss func-
tion impacted on stopping predictions by around 10% only.
Therefore, we believe that any uncertainty of the loss function
as far as sum rules are satisfied (as in the present case), will
not be able to explain the large underestimation by TCS-Penn
calculations of the observed straggling. Moreover, the remain-
ing differences are well reproduced by the bunching effect as
calculated from Eq.(8). In this way, the bunching effect is
identified to be mainly responsible for the observed augmented
straggling values in Pt. This should hold true for other heavy
target elements, where the electrons are distributed/bunched
over many different shells.

V. CONCLUSION

In this work we measured the stopping power and energy-
loss straggling for backscattered H+ on Pt films as a function
of the projectile energy using the MEIS technique. Two sets
of samples with different thicknesses were used and the ex-
periments were performed at two different MEIS facilities.
In addition, two models were applied to simulate the MEIS
spectra. The first one assumes only a single large-angle elastic
deflection (v-shape) and the second one is based on full Monte
Carlo simulations (full MC). The stopping power and energy
straggling values were extracted from the full MC simulations,
as only the MC simulation could reproduce the low energy

measurement accurately. Moreover we have proposed a model
for the energy-loss straggling based on TCS calculations for
an inhomogeneous electron system using the Penn scheme and
added the corresponding bunching effect.

Our measurements of the stopping power of protons on Pt
agree with recent Moro, Bauer and Primetzhofer [52] measure-
ments, which were at variance by about 20% with previous
measurements and SRIM calculations. The theoretical model
TCS-Penn agrees with our stopping measurements for energies
lower than 80 keV (in agreement with Ref. [49, 52]).

The measured energy-loss straggling values are much larger
than the results from Chu [57, 58] and Lindhard [30] models.
In contrast, the TCS-Penn calculations for straggling plus an
additional term describing bunching effects agree with the
present energy-loss straggling measurements and particularly
shows the importance of bunching effects in the description
of the energy-loss straggling at low and medium projectile
energies. This is crucial to characterize with ion scattering the
shape and elemental depth profile in nanostructures and thin
films with Pt, both employed in the catalysis field.
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