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Effect of energy loss on the lateral spread of MeV helium
ions in C, Al, and Cu: Comparison with experimental data
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The Marwick-Sigmund model has been widely used to calculate the lateral spread of ions transmitted through matter. However, this model
neglects the effect of ion energy loss within the target material. In this study, the model was employed to calculate the lateral spread
distributions of MeV helium ions transmitted through carbon, aluminum, and copper targets. Ion energy loss was incorporated into the
calculations using an approach analogous to that used for determining the angular distributions of transmitted ions. A comparison of our
results with experimental data indicates that incorporating energy loss substantially enhances the overall agreement. Furthermore, this
approach provides a rigorous method to account for lateral spread in depth resolution estimates for ion-beam analysis, particularly when
nuclear stopping is a significant component of total stopping power.
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1. Introduction

The study of ion-matter interactions constitutes a fundamen-
tal research area in many fields, including semiconductor de-
vice fabrication [1], nanotechnology [2], and radiation appli-
cations [3]. It involves processes such as ion energy loss and
ion range, which govern particle transport and material mod-
ification. Therefore, a deep understanding of these processes
is essential for the development of models that describe ion
behavior in various media.

When an ion beam traverses matter, it undergoes elec-
tronic and nuclear interactions with target atoms, resulting in
energy loss and angular deviation. The successive deflections
due to the interactions with target atoms, known as multiple
scattering, result in angular and lateral distributions of the ion
beam. While lateral spread broadens the beam and introduces
path-length fluctuations [4], understanding this phenomenon
is crucial in various practical fields, including proton ther-
apy [5], ion-beam imaging [6], external microbeam analy-
sis of lithium batteries [7], high-resolution in-air ion-beam
applications [8], nanofabrication [9, 10], and depth profiling
[11]. In these domains, lateral spread imposes fundamental
limits on achievable spatial resolution and introduces path-
length fluctuations that directly contribute to the uncertainty
of depth and energy measurements. For instance, in ion-beam
analysis techniques such as RBS (Rutherford Backscattering
Spectrometry) and ERDA (Elastic Recoil Detection Analy-
sis), the lateral component of multiple scattering contributes
to the energy spread of detected particles, thereby degrading
depth resolution, particularly at large penetration depths. Ac-

curate quantification of this contribution, therefore, remains
essential for interpreting and optimizing ion-beam experi-
ments.

Although the theoretical foundations of the multiple scat-
tering of charged particles in random media were established
in early analytical works [12–15] and later reformulated
[16–18], this theory continues to serve as a standard frame-
work for interpreting experimental data on particle transport
in matter [19–22]. Amselet al. [23] provided a comprehen-
sive review of the theory and its typical applications. Sig-
mund and Winterbon (SW) [17] and Marwick and Sigmund
(MS) [18] developed two multiple scattering models to calcu-
late the angular distribution and lateral spread of transmitted
particles, respectively. These models, derived from transport
theory, were formulated under the assumptions of a random
medium, binary collisions with small scattering angles, and
negligible energy loss. Subsequently, the SW model was gen-
eralized by Vald́es and Arista (VA) [24] to incorporate energy
loss into the angular distribution calculations. In contrast,
incorporating energy loss into lateral spread calculations re-
mains challenging, despite earlier attempts using the power-
law potential [25]. In ion-beam analysis applications, the lay-
ered numerical formalism introduced by Szilágyi et al. [26]
provides a computationally efficient framework for integrat-
ing continuous slowing-down effects into lateral-dispersion
calculations. Serving as the computational kernel for the
DEPTH code [26] and implemented in standard software
such as SIMNRA [27] and WiNDF [28], this formalism is es-
sential for evaluating depth resolution and path-length fluctu-
ations in RBS and ERDA measurements. However, compar-
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isons with Monte Carlo and molecular dynamics simulations
indicated that this analytical approach exhibits systematic de-
viations at significant depths, attributed in part to the neglect
of nuclear stopping power [29]. Moreover, Androulakakiet
al. [30] have recently noted that applying this framework to
the large penetration depths investigated in their study re-
quired extrapolating the theory beyond its original design
limits.

Experimentally, angular distributions are evaluated using
solid targets, whereas lateral spread measurements are com-
monly performed using gas targets. However, experimen-
tal data on the lateral spread in solid materials have been
reported in only one study [31]. In that study, several car-
bon, aluminum, and copper targets were employed, and lat-
eral spread measurements were performed using RBS or nu-
clear reaction techniques. Notably, this is one of the few stud-
ies that examine the lateral spread under conditions involving
significant ion energy loss.

The present study represents a continuation of our com-
prehensive investigation into the effects of energy loss on ion
multiple scattering [32–35]. Specifically, we analyze the lat-
eral spread of helium ions transmitted through carbon, alu-
minum, and copper targets using the MS model, which we
modified to account for ion energy loss in a manner analo-
gous to the VA model’s treatment of angular distributions.
The main contribution is a comparison of calculated lateral-
spread widths, as functions of penetration depth and ion en-
ergy, with the experimental data from Ref. [31].

2. Lateral spread theory

We consider a collimated beam of monoenergetic charged
particles transmitted along the positivex-direction of an
amorphous foil of thicknessx (Fig. 1). The lateral distri-
butionG(x, ρ) of transmitted particles is given by [18]:

G(x, ρ) d2ρ =
ρ

x
d
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x
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0

k dk J0

(
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∫ k
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whereρ =
√

ρ2
y + ρ2

z is the lateral displacement.J0 is the
zero-order Bessel function of the first kind,N is the number
of scattering centers per unit volume,E is the initial energy
of the incident ion, andσ0(k′, E), the transport cross section,
is given by:

σ0(k′, E) =
∫ ∞

0

dσ(φ) [1− J0(k′φ)], (2)

whereφ is the single scattering angle defined in the labora-
tory frame anddσ(φ) is the differential cross section.

By introducing the reduced variablesτ andρ̃, which are
defined in terms of the thicknessx and the lateral displace-
mentρ as follows:

FIGURE 1. Geometry under consideration: The initial beam di-
rection coincides with the positivex-axis. A lateral displacement
ρ and an angular deviation~α are considered after a penetration
depthx.

τ = πa2Nx, (3)

ρ̃ = πa2N
E a

2Z1Z2e2
ρ, (4)

wherea is the screening radius, andZ1 andZ2 are the atomic
numbers of the ion and the target atom, respectively. The
functionG(x, ρ) can be represented in terms of the reduced
lateral distribution functiong1(τ, ρ̃) as follows:

G(x, ρ) d2ρ = g1(τ, ρ̃) ρ̃ dρ̃, (5)

with
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The function∆(γ), called the reduced transport cross sec-
tion, is given by:

∆(γ) =
∫ ∞

0

dφ̃

φ̃2
f(φ̃)

[
1− J0(γφ̃)

]
, (7)

whereφ̃ is the reduced single scattering angle, andf is the
scattering function determined by the interaction potential.

In the original MS model of lateral spread, ion energy
loss was neglected during its entire trajectory within the tar-
get. This implies that the cross sectionσ0(k′, E), defined by
Eq. (2), is calculated at a fixed energyE corresponding to
the ion’s initial energy. For thin targets, which are related to
low ion energy loss, this approximation is justified. However,
as the target thickness increases and energy loss becomes sig-
nificant, the assumption of negligible energy loss is no longer
valid. In such cases, a more rigorous analysis is essential to
consider the cross section at every possible instantaneous en-
ergyE (x′), corresponding to any pathx′ traversed by the ion
inside the medium. To incorporate this, we apply the follow-
ing substitution, previously introduced in the VA model [24],
to Eq. (1):

xσ0(k,E) →
∫ x

0

σ0 (k, E(x′)) dx′, (8)

or in terms of reduced quantities:

τ ∆(γ) →
∫ τ

0

∆(γ′)dτ ′. (9)

Rev. Mex. Fis.72050401



EFFECT OF ENERGY LOSS ON THE LATERAL SPREAD OF MEV HELIUM IONS IN C, Al, AND Cu: COMPARISON. . . 3

The new reduced transport cross section∆(γ′) is now ex-
pressed as:

∆(γ′) =
∫ ∞

0

dφ̃

φ̃2
f(φ̃)

[
1− J0(γ′φ̃)

]
, (10)

with:
γ′ =

E
E(x′)

γ. (11)

The instantaneous energyE (x′) is expressed as:

E(x′) = E −
∫ x′

0

(
dE

dx

)
dx. (12)

HeredE/dx is the total stopping power (electronic and nu-
clear).

It is important to note that the substitution given by
Eq. (8) is valid under the condition that, for a given foil thick-
nessx, the ion’s path lengthL is considered equivalent to the
foil thicknessx. This approximation should be validated at
high energy loss, where increased angular straggling can in-
creaseL/x.

3. Results and discussion

To verify that the ion path lengthL remains close to the foil
thicknessx, Monte Carlo simulations were performed using
TRIM (SRIM 2013) [36] for 1-2 MeV4He ions and 1 MeV
3He ions transmitted through carbon, aluminum, and copper
targets. In the experimental systems of Möller and Williams
[31], the largest relative energy loss values (∆E/E), where
∆E is the projectile’s total energy loss in the target, were
approximately 0.36 for4He in C, 0.22 for 4He in Al, and
0.48 for3He in Cu. To test the validity of the approximation
L ≈ x under conditions at least as severe as those in the

FIGURE 2. Path-length distribution as a function ofL/x for He
ions transmitted throughC andAl films at 2 MeV (squares and
circles, respectively), and through aCu film at 1 MeV (triangles).
The considered target thicknesses correspond to a relative energy
loss∆E/E = 0.5.

experiments, we simulated target thicknesses corresponding
to ∆E/E = 0.50, slightly exceeding the maximum exper-
imental value(0.48) reported in Ref. [31]. Figure 2 shows
representative path-length distributions as a function ofL/x,
demonstrating that the vast majority of ions are transmitted
with path lengths very close tox. These results support the
validity of the L ≈ x approximation adopted in this study.
Regarding the projectile charge state, the experimental study
in Ref. [31] employed MeV3He+ and4He+ beams. How-
ever, the initial vacuum charge state need not be specified
in the present treatment. MeV helium reaches charge equi-
librium within a few to tens of nanometers [37, 38], a depth
far smaller than the0.3 − 20 µm targets used by M̈oller and
Williams [31] . Ion spread is therefore governed by near-
equilibrium charge states, in which helium projectiles behave
effectively as nearly fully strippedHe2+ ions [38,39].

Using the MS model, the lateral distributions of helium
ions with energies of 1 and 2 MeV transmitted throughC, Al,
andCu targets were calculated. The projectile instantaneous
energyE (x′) was computed numerically from Eq. (12) us-
ing the total stopping power (electronic and nuclear) obtained
from the SRIM compilation [36]. The resultingE (x′) was
fitted and substituted into Eq. (11) to calculateγ′. The lateral
distribution G(x, ρ) (Eq. (1)), or equivalently the reduced
distributiong1(τ, ρ̃) (Eq. (6)), was computed using the re-
duced transport cross section∆(γ) from Eq. (7) when en-
ergy loss is neglected, or∆(γ′) from Eq. (10) when energy
loss is included. In all cases, the Thomas-Fermi-MoliÃ¨re
(TFM) potential [40] was used to describe the interaction be-
tweenHe ions and the various targets. An example of these
calculations is presented in Fig. 3, illustrating the case of 1
MeV 3He ions transmitted through aCu target of thickness
x= 700µg/cm2. The areal thickness of the target (inµg/cm2

units) was chosen to match the metric used in the experimen-
tal results of Ref. [31]. It can be observed that including en-
ergy loss affects the shape of the distribution, resulting in a

FIGURE 3. Lateral distributions of 1 MeV3He ions transmitted
through aCu target ofx = 700 µg/cm2 thickness.

Rev. Mex. Fis.72050401



4 A. MEKHTICHE AND K. KHALAL-KOUACHE

FIGURE 4. Variation of the ratioρ1/2

/
ρ
(0)

1/2 with the relative ion
energy loss for different targets.

broader profile. These results are consistent with those ob-
tained when energy loss is taken into account in the angular
distribution calculations [24, 33]. It is worth noting that the
relative ion energy loss∆E/E in this case is approximately
50%.

For comparison with the experiment, the half-widthρ1/2,
defined as the lateral displacement at which the distribution
reaches half of its maximum value, was extracted from each
calculated lateral distribution. It is defined by the condition:

G
(
x, ρ1/2

)
= 0.5 G(x, 0). (13)

After normalizing each distribution at zero lateral displace-
ment,ρ1/2 was determined numerically by interpolating the
distribution near the half-maximum and extracting the corre-
sponding lateral displacement. The symbolsρ

(0)
1/2 and ρ1/2

FIGURE 5. Variation of2ρ1/2 as a function of target thicknessx
for 4He ions transmitted through aC target. Squares: experimental
data from [31]; solid lines: calculations without considering energy
loss; circles: calculations including energy loss.

FIGURE 6. Same as Fig. 5 but for4He ions transmitted through an
Al target.

FIGURE 7. Same as Fig. 5 but for3He ions transmitted through a
Cu target.

denote the values obtained without and with energy loss in-
cluded, respectively. The half-widths, initially expressed in
Å, were converted toµg/cm2 using the corresponding tar-
get mass densities. Figure 4 shows the variation of the ratio
ρ1/2

/
ρ
(0)
1/2 with the relative ion energy loss. The results indi-

cate that this ratio, which exhibits a uniform shape, increases
with the energy loss. It appears to be almost independent
of both the projectile energy and target material within the
considered range of energy loss. A similar behavior was ob-
served in the ratio of the half-maximum values of the angular
distributions obtained with and without accounting for energy
loss in the calculations [33].

Figures 5, 6 and 7 show a comparison between the calcu-
lated values of2ρ1/2 (in µg/cm2 units) as a function of target
thickness, obtained with energy loss taken into account, and
the experimental data from Ref. [31]. The results are pre-
sented for the following cases:4He ions with energies of 1

Rev. Mex. Fis.72050401



EFFECT OF ENERGY LOSS ON THE LATERAL SPREAD OF MEV HELIUM IONS IN C, Al, AND Cu: COMPARISON. . . 5

and 2 MeV onC andAl targets, and3He ions with 1 MeV
energy on aCu target, respectively. The corresponding cal-
culated values obtained without considering energy loss are
also included in the figures.

These figures clearly demonstrate that incorporating en-
ergy loss into the calculations significantly improves agree-
ment with the experimental data across the entire range of tar-
get thicknesses. In contrast, calculations that neglect energy
loss yield reasonable agreement only at small thicknesses,
where the relative energy loss is low. However, as the

target thickness increases and the energy loss becomes
more pronounced, deviations between these calculations and
the experimental results become more significant. Incorpo-
rating energy loss into the calculations significantly improves
model accuracy across all target materials. The maximum
discrepancy between experimental and calculated values de-
creases from 26% to 9% for carbon, from 28% to 19% for
aluminum, and from 29% to 5% for copper targets. Thus,
beyond the qualitatively expected increase in lateral spread,
explicitly treating energy loss yields quantitative improve-
ments in predictive accuracy, particularly at large∆E/E.
The present results demonstrate the importance of consid-
ering stopping effects in lateral-spread calculations, partic-
ularly for ions traversing substantial depths in matter. The
proposed method enables depth-resolution evaluations in ion-

beam analysis, particularly when nuclear stopping constitutes
a non-negligible fraction of the total stopping power, an ef-
fect not captured by the transformation approach of Szilágyi
et al. [26].

4. Conclusions

In this study, a model based on transport theory was em-
ployed to calculate the lateral distributions of MeVHe ions
transmitted through carbon, aluminum, and copper targets.
The assumption that the ion path length is equivalent to the
foil thickness was rigorously tested using the TRIM code un-
der conditions of high ion energy loss, demonstrating its ap-
plicability across all systems examined in this study. The ef-
fects of ion energy loss were added to the calculations using
the VA model. The results show that when energy loss is
taken into account, the calculated profiles change noticeably,
becoming wider overall. Moreover, comparing the calculated
half-widths of the lateral spread with experimental measure-
ments highlights that including energy loss leads to much bet-
ter agreement throughout the range of energy losses studied.
This study emphasizes the necessity of incorporating energy
loss into such calculations. Therefore, we recommend apply-
ing this method into future depth-resolution analyses, partic-
ularly in regimes where nuclear stopping cannot be neglected.
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