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We have calculated the stopping power of Al, Si, Ni and Cu
for swift H and He ion beams. Furthermore, the energy loss
straggling corresponding to Ni is also evaluated. The dielec-
tric formalism is used combined with the MELF-GOS
method, which describes the energy loss function of the target
by a linear combination of Mermin type energy loss functions
for the electron outer-shell electrons and by generalized oscil-
lator strengths for the electron inner-shell electrons. We take

into account the corrections to the stopping power associated
to capture and loss of electrons by the projectile as well as the
polarization of the projectile charge density. The versatility of
this method is illustrated by the good agreement between
their predictions and the experimental results, which is ob-
served for a wide range of projectile energies and targets with
different electronic properties.
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We have calculated the stopping power of Al, Si, Ni and Cu
for swift H and He ion beams. Furthermore, the energy loss
straggling corresponding to Ni is also evaluated. The dielec-
tric formalism is used combined with the MELF-GOS
method, which describes the energy loss function of the target
by a linear combination of Mermin type energy loss functions
for the electron outer-shell electrons and by generalized oscil-
lator strengths for the electron inner-shell electrons. We take

1 Introduction The knowledge of the stopping power
of a material, defined as the mean energy loss of a projec-
tile per unit path length, has multiple technological appli-
cations in several areas such as microelectronics, material
analysis, protection against radiation or radiation therapy
[1-3].

The excitation of target electrons by a swift projec-
tile is the main mechanism that contributes to the stop-
ping power in the energy range we are considering here
(E >10 keV/u), and hence the electronic properties of the
material determine the energy loss of the projectiles. There
is a lot of experimental data in the bibliography about the
inelastic stopping power for swift projectiles in solids for
different projectile-target combinations [4]. Several models
have been developed to explain and predict these experi-
mental results [5], from the pioneering works by Bohr [6],
Bethe [7], and Bloch [8] to the most recent ones [9—13].

The behavior of some materials, such as the transition
metals, which have a broad excitation spectrum, can not be
treated as a free electron gas and requires a more realistic
description [13]. Our model [13—18] allows to obtain the
electronic energy loss of swift light ion beams in solids (ei-

into account the corrections to the stopping power associated
to capture and loss of electrons by the projectile as well as the
polarization of the projectile charge density. The versatility of
this method is illustrated by the good agreement between
their predictions and the experimental results, which is ob-
served for a wide range of projectile energies and targets with
different electronic properties.
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ther elemental targets or compounds) using the dielectric
formalism. In this scheme the response of the target elec-
trons due to the perturbation produced by the projectile is
obtained by the MELF-GOS (Mermin Energy Loss Func-
tions combined with Generalized Oscillator Strenghts)
model. This method consists in fitting the experimental op-
tical data corresponding to the target outer-shell electrons
by a linear combination of Mermin-type [19] energy loss
functions and to describe the response of the inner-shell
electrons by generalized oscillator strengths [20]. On the
other hand, the projectile electronic charge density is in-
cluded here using hydrogen-like wave functions. We take
into account the polarization of the projectile electron
cloud due to the self-induced electric field [21]. The possi-
ble charge states the projectile can acquire inside the solid,
and the stopping power due to capture and loss of electrons
by the projectile are also considered.

The energy loss of light ions in elemental (Ge, Fe,
Ti...) and compounds (GaAs, SiC, LiF . . .) targets has al-
ready been evaluated [13, 15—17]. Similar calculations
were carried out and reported previously for H ions in Al,
Si and Cu [14], but in addition, we now take into account

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the different charge states the projectile can acquire when
moving through the target, the energy loss associated to the
electronic capture and loss processes, and the polarization
of the projectile [13, 21].

Here we check the reliability of our model in obtaining
the stopping power of materials with different electronic
properties by comparing our calculations with the available
experimental results.

In Section 2 we introduce the model we use to obtain
the stopping power and the energy loss straggling of a ma-
terial and the main results are presented in Section 3. Fi-
nally the conclusions of our work are presented in Sec-
tion 4.

2 Model

2.1 Charge state approach to the stopping
power Once a projectile penetrates a material it begins to
capture and lose electrons until charge equilibrium is
reached in a few femtoseconds. The stopping power of the
material, S, depends on the projectile charge state, then
we can calculate S, as a sum of the partial stopping powers
S,,, due to each charge state g,

)

where ¢, is the fraction of the projectiles with the g charge
state when charge equilibrium is reached, which depends
on the target, the projectile atomic number Z, and its ve-
locity v. We use the values of ¢, provided by the CasP 3.1
code [22].

In a similar way, the energy loss straggling £°, de-
fined as the variance in the energy lost by the projectile per
unit path length, can also be expressed as a sum of partial
stragglings .qu for each projectile charge state g.

2.2 Dielectric description of the stopping pa-
rameters In order to calculate S, and .Q we use the di-
electric formalism, which is based on a llnear response
of the stopping medium to the perturbation produced by
the projectile charge density [23]. Within this scheme we
write:

2¢* tdk
e

.: 2
Moot Yk

o] ]
(2)

where e is the elementary charge, ik and %@ are, respec-
tively, the momentum and energy transferred to the target
electrons, 7 is Planck’s constant, p, (k) is the Fourier
transform of the projectile electronic density for the ¢
charge state, and Im [-1/g(k,®)] is the energy loss func-
tion of the target. We can improve the predictions of
Eq. (2) by considering that the electron cloud of a dressed
projectile is displaced a distance d, from the nucleus due
to the effect of the self-induced electric field. This polari-
zation effect gives rise to a correction in the stopping

www.pss-b.com

power S, [21], which must be added to the previous
equation of S,
kv
2¢°7, ¢ dk
S (V) = j = (k) [do o
0 0

-1 wd
x Im 1-cos 1. 3)
e(k, ) v
We use d, =, E, (v), where ¢, is the projectile polariza-
bility and E, (v) is the self-induced electric field produced
by the projectile, given by

“ 1
E,(v)= 707[2 pq(k)].([da)a)lm[g(k’a))}.
4)

The corresponding expressions for the partial energy loss
stragghng, .Q , are similar to Egs. (2) and (3), but replac-
ing fimw by (ha))

In our calculations we have obtained the electronic
charge density p, from hydrogenic wave functions, but
taking into account the dynamic screening due to the target
electrons, as stated in Ref. [21]. In the case of neutral He,
we consider the additional screening of the interaction be-
tween the nucleus and its electrons using an effective nu-
clear charge given by Slater’s rules [24].

2.3 MELF-GOS description of the ELF The main
ingredient to obtain the stopping power and the energy loss
straggling is the energy loss function (ELF) of the target,
and therefore a good model for the ELF is the key of a
suitable description of the energy loss. The ELF deter-
mines the probability that an inelastic event with momen-
tum transfer 7ik and energy transfer Zi@ takes place in the
target, and contains information about the electronic exci-
tations that the material can sustain. Within the MELF-
GOS model, the ELF is described by separating the contri-
bution to the target electronic excitations coming from
outer- and inner-shell electrons. The contribution of the
formers to the ELF is obtained by fitting the experimental
ELF in the optical limit (k= 0) by a linear combination of
Mermin-type ELF [13, 14],

ml— L
|:¢(,‘(k = 0’ CU) :|outer
=Y 4 Im [ =

ew(@;,7:5 k= 0,0) }w

with g, being a Mermin-type dielectric function [19]. The
fitting parameters @, and y, are related, respectively, with
the position and the width of the peaks observed in the
ELF, while the coefficients 4, determine their relative
weight; @y, ; is a threshold energy. One of the advantages
of this method is that the ELF is analytically extended to
all values of 7k through the properties of the Mermin di-
electric function [25]. Although the experimental data of the
ELF for k # 0 are very scarce or even non-existent, we have

)
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obtained in aluminum and graphite a more accurate descrip-
tion of the excitation spectra for k#0 when using our
MELF-GOS model than when using other ELF models [25].

On the other side the description of the contribution to
the ELF of the inner-shell electrons is done in terms of the
generalized oscillator strengths (GOS) for isolated atoms;
this approach is suitable since inner-shell electrons have

large binding energies and show negligible collective effects.

The relation between the ELF and the GOS is given by [20]
} _2n°N ) df,, (k)

; (6)

[ -1
Im

e(k,w) 10} do

where N is the atomic density of the target and df,, (k,w)/
dw is the GOS of the (n, /) subshell. The summation is ex-
tended over all inner subshells of the target atoms that retain
their atomic character. Of course, the ionization of a given
subshell can only take place if the energy transfer %@ is lar-
ger than a threshold energy %1@,,. We employ the GOS in the
hydrogenic approach because it gives realistic values of the
inner-shell ionization cross-sections and provides analytical
expressions for inner-shell ionizations [15, 18].

For the fitting to be satisfactory, the resulting ELF
must verify the f~sum rule, that is, the effective number of
excited electrons per atom when /i — o must tend to the
total number of electrons per atom [26]. Moreover, we ob-
tain a good agreement between our calculated mean excita-
tion energy / and the experimental data [27] of each target.

The optical limit of the ELF for Al, Si, Ni and Cu is
depicted in Fig. 1. The solid lines represent our fitted ELF,

nl
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10 ]
10°F ]
LT
107 F Si |

ELF

10'8 L Ll Ll Ll Ll
10> 100 10
#io (eV)

Figure 1 (online colour at: www.pss-b.com) Energy loss func-
tions of Al, Si, Ni and Cu, in the optical limit (k= 0), as a func-
tion of the excitation energy %@. Solid lines represent our model,
symbols are experimental data [28] and dashed lines are obtained
from the X-ray scattering factors [29].

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1 Parameters used to fit the outer-shell electrons contribu-
tion to the optical ELF of Al, Si, Ni and Cu. N is the atomic den-

sity of the target.

target, i ho,; ho, 12 A
N €V) (eV) eV)
Al, 1 15.0 0.95 1.0
6.03x10% at/cm® 2 725 106.1 81.6  6.7x107
Si, 1 16.87 424 9.92x10™
5.00x10% at/cm’ 2 998 14693 9523 2.74x107
Ni, 1 31.56  32.65 7.43x107"
9.13x10% at/cm’ 2 66.12 7891 40.82 8.38x107
3 93.06 149.11 1.16x10™
4 16326  76.19 6.67x107
Cu, 1 4.08 1.09 2.0x107
8.49x10% at/cm’ 2 10.07 599 2.18x107"
3 19.05 8.16 2.45x10™
4 27.21 8.16 1.52x107"
5 7891 15238 3.56x10™

with the parameters corresponding to the outer electron ex-
citations (see Eq. (5)) given in Table 1. The symbols corre-
spond to experimental data of the ELF [28], and the dashed
lines were obtained from experimental X-ray scattering
factors [29]. It is interesting to discuss the behaviour of the
differents ELFs. In the case of Al a sharp peak in the
plasma frequency denotes the behaviour of a material with
quasi free electrons in the valence band. The silicon target
has a broader peak because plasmon excitation has a larger
lifetime and can decay more easily into other excitations.
Ni and Cu have much more complex ELFs that cannot be
accounted for with a free electron gas description and in-
volve interband transitions. For this reason we have used
only two Mermin-type energy loss functions to fit the ELF
of Al and Si, and 4 or 5 functions for the more complex
materials. The K-shell of Al and Si is described by a GOS
as well as the K and L-shells of Ni and Cu. Although the
fitting function departs from the experiments at very low
excitation energies, this part of the spectra does not con-
tribute very much to the stopping power or energy loss
straggling.

Using these ELF representations in the corresponding
expressions for S, and .qu, we calculate the main mo-
menta of the electronic energy loss distribution, namely the
stopping power and the energy loss straggling, which will
be presented in Section 3.

2.4 Stopping power and energy loss straggling
associated to capture and loss processes The process
of charge changing of the projectile involves an energy loss
that can be a significative correction to the stopping power
in a certain energy range. If only processes of capture and
loss of a single electron are considered, the stopping power
due to capture and loss events can be described as [30]

Z-1

SC&L = NZ ¢q0q—>q+qu—>q+l + ¢q+lo-q+l—>qu+1—>q ’ (7)

9=0
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(e}

e DeINg the electron loss cross section and o

q+l—q the
electron capture cross section. U, ,, and U, ,, are the

energy transferred in the loss and capture processes, re-

spectively. When charge equilibrium has been reached it is
verified that
¢q O-q—>q+1 = ¢q+l O-q+l—)q ’ (8)
and Eq. (7) can be rewritten as
Z-1
Scar =N 2 by Opgia [y + Uparsy 1. ©)
q=0
The energy lost by the projectile in a capture and loss cycle,
AE; , can be approximated by
AfZC&L = [Uq—>q+1 + Uq+1eq] = %mevz + E/ ’ (10)

where m, is the electron mass and E, is the first ionization
energy of the target atom [31].

For the evaluation of the electron loss cross sections
0, We have assumed the same model proposed by
Brandt and Sizmann (BS) for hydrogen [32, 33]. In the
case of helium projectiles we assume that the electron loss
cross section is proportional to the number of projectile K-
shell electrons, 7, and to the effective area of the projec-

tile. Therefore the generalized BS cross section results

W2V ( Z° 42)°(Z, +1)

Oyt = Mg (mry) (g) 7203 73 )

SOV )42, (Z, + )+
an
where Z, is the target atomic number, 7, =3/(2Z)) is the
mean radius of the projectile and Z’ is the effective nu-
clear charge given by Slater’s rules [24]; of course Z/ = Z,
for hydrogenic atoms.

The electronic capture and loss events contribute to the
energy loss straggling mainly due to the variation of the
stopping power for the different charge states of the projec-
tile [34]. We have estimated this contribution using a simu-
lation code which has been described before [16, 35]. In
our code the projectile moving with a given charge state
slows down with a stopping power given by Eq. (2). In or-
der to get only the contribution of the energy loss strag-
gling due the variation of the partial stopping powers we
set to zero the intrisic straggling of each charge state. Then
we obtain the projectile energy distributions using our
simulation code. In this way, the width of these energy dis-
tributions provide the energy loss straggling due only to
the different charge states the projectile can acquire, i.e.
the main contribution to the energy loss straggling associ-
ated to electronic capture and loss processes.

3 Results We represent in Figs. 2 and 3 the calculated
stopping cross section SCS (SCS = Sy) for H and He ions
in Al, Si, Ni and Cu, using Egs. (1) and (2), and including
both corrections due to polarization of the projectile and
charge exchange events represented by the solid blue lines.
For comparison purposes, we have plotted as dashed red

www.pss-b.com
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Figure 2 (online colour at: www.pss-b.com) Electronic stopping
cross section (SCS) for H projectiles in Al, Si, Ni and Cu. The
solid blue lines are our calculations, the dashed red lines are the
SRIM [36] results, the dotted black lines are the results consider-
ing an average charge state for the projectile. Experimental data
[4] are represented by symbols.
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Figure 3 (online colour at: www.pss-b.com) Electronic stopping
cross section (SCS) for He projectiles in Al, Si, Ni and Cu. The
solid blue lines are our calculations, the dashed red lines are the
SRIM [36] results, the dotted black lines are the results consider-
ing an average charge state for the projectile. Experimental data
[4] are represented by symbols.
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lines the semiempirical predictions of the SRIM-2008 code
[36], which are based on fits to experimental stopping
cross sections. The symbols correspond to a compilation of
the available experimental data [4]. The dotted black lines
are the results obtained when considering an average
charge state for the projectile according to the charge states
obtained from the CasP 3.1 code [22].

It is worth to emphasize the good agreement of our
model with the experimental data for such a variety of tar-
get electronic properties (from a free electron gas metal as
Al, to a complex one such as Ni or Cu, and a semiconduc-
tor like Si) and in a wide range of projectile energies. This
is due, mainly, to an appropriate description of the target
ELF. However, discrepancies between theory and experi-
ment appear at low energies, because our calculations are
based on the dielectric formalism, which assumes a linear
response of the target electrons to the perturbation induced
by the projectile. The dielectric formalism loses validity as
the perturbation grows, i. e., when the projectile has high
charge and low energy. In this situation non-linear effects,
such as the Bloch and Barkas corrections [37], become
more significant. Bloch correction is negative and de-
creases SCS, whereas Barkas correction, which is the re-
sponsible of proton—antiproton SCS asymmetry, increases
the SCS. Therefore, even though the dielectric formalism
provides a reasonable good agreement for a wide range of

projectile energies, it is not applicable for low projectile
energies. In these cases the Binary Theory (BT) proposed
in Ref. [12], the Unitary Convolution Approximation
(UCA) described in Ref. [11], the Transport Cross Section
(TCS) calculations presented in Ref. [10], or the more
elaborate Density Functional Theory (DFT) could be used
[9, 38]. However, these models also have constraints. BT
includes the Barkas and Bloch corrections, although is
generally applied for heavy projectiles (Z, = 3) in selected
materials [12]. UCA can be used in principle for whatever
projectile-target combination, but it does not take into ac-
count the Barkas correction and fails when the target has a
broad excitation spectrum, like transition metals [11]. The
non-perturbative TCS calculations include the Barkas and
Bloch corrections and can be applied for any projectile, but
the target is treated as a free electron gas [10]. DFT can be
only used for very low projectile energies [9, 38]. The in-
terested reader can consult the recent review by Arista and
Lifschitz [39] on non-linear approaches to the energy loss
of ions in solids or the ICRU report 2005 [40].

On the other hand the results obtained when consider-
ing an average charge state instead of the model presented
in this work show greater discrepancies from experiments
at energies near or lower the SCS maximum.

In order to evaluate the influence of the different con-
tributions to the SCS, we present in Fig. 4 the total SCS of

=
8
=
=
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=
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Figure 4 (online colour at: www.pss-b.com) Electronic stopping cross section (SCS) for H and He in Si (left panel) and Cu (right
panel). The solid lines represent the total SCS while the discontinued lines are the minor contributions to the SCS, namely S.,; (——-),
Sy (-++++), inner-shell contributions: 2p (—-— pink lines), 2s (—--— green lines), 1s (short dashed orange lines). Symbols are experi-

mental data [4].
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Si and Cu for H and He projectiles together with the con-
tribution of the inner-shells, polarization of the projectile
and electron capture and loss events. In the case of H pro-
jectiles, we observe that S.,; contributes as much as 10%
of the total SCS for Si and 15% for Cu at lower energies,
where mostly charge changing events take place. On the
other hand the polarization effect contribute to a maximum
of 6% mainly at low energies. In the case of He projectiles
these contributions are even smaller. Both contributions
fade away at higher energies where the projectiles are fully
stripped and represent a minor contribution to the total
SCS, only being appreciable near or before the maximum
of the SCS curve. Therefore a more accurate description of
such processes would only result in imperceptible differ-
ences with our calculations.

The excitation of inner-shell electrons begins to be
relevant at projectile energies high enough in order that the
excitation energy exceeds the binding energy of the inner-
shell electrons. At 10* keV/u they represent a 4% of the to-
tal SCS for Si and 15% for Cu.

The energy loss straggling of Al, Si and Cu for H and
He has already been published [41], hence here we only
show the results for the Ni target. In Fig. 5 we can see the
energy loss straggling for H and He ions in Ni, normalized
to the Bohr straggling (2] = 4nNZ}Z,, as a function of the
projectile energy. The black solid lines represent our cal-

1;5 T T T ""'l T T T "'."I T T LI I B I
e [43] -
= [45] 8
1 [46] DEN] []
L . [47] [ J d
0.5 7 148 -
o m
G
ke He
e [42] - ]
b= 144 . *?.
0.5¢
0 ol — hL-.-r:;.;r-l-"-‘%‘-‘—';-:'._—._;....
10" 107 10° 10*

E (keV/u)

Figure 5 (online colour at: www.pss-b.com) Energy loss strag-
gling for H and He in Ni as a function of the projectile energy
normalized to the Bohr straggling. Black solid lines represent our
results, grey solid lines are our calculations considering an aver-
age charge state for the projectile and symbols correspond to the
available experimental data [42—48]. The discontinuous lines are
the contribution of the inner shells, namely 1s (——— red lines),
2s (—-— green lines) and 2p (----- blue lines). The contribution
coming from the charge exchange processes for helium projec-
tiles is the small hill appearing at ~200 keV/u (orange line).

www.pss-b.com

culations and the grey solid lines are the results obtained
when considering an average charge for the projectile,
while the symbols are experimental data from Refs. [42—
48]. We can see a good agreement in the case of H projec-
tiles for the whole energy range, whereas a less satisfactory
agreement appears for He. The lack of experimental data
and the difficulty in obtaining the experimental straggling
can explain these discrepancies, especially if we consider
that the energy loss straggling is experimentally overval-
ued due to factors such as roughness or inhomogeneity of
the sample [41]. Considering or not the charge state of the
projectile do not affect much the calculations of the energy
loss straggling. Our results for £2* shows the well-known
tendency of the (£2°/£2;) ratio to unity at high projectile
energies, however they are bound below £2; in the whole
energy range in opposition to some experimental data [44].
The contribution of the inner shells, represented by the
dashed lines, is only relevant at high energies, being about
32% of the total £2° at projectiles energies of 10* keV/u.
The contribution to the straggling coming from charge ex-
hange events is negligible for hydrogen projectiles. Never-
theless, for helium projectiles, the contribution of this term
to the total straggling can be as high as 10% for projectile
energies of 200 keV/u. Finally, the polarization effect in
£2* is very small and could be neglected.

4 Conclusions We present a calculation of the stop-
ping power of Al, Si, Ni and Cu for H and He projectiles
using the dielectric formalism together with the MELF-
GOS method to describe the response of the target elec-
trons to the perturbation produced by the projectile. We
also take into account the charge states of the projectile in-
side the target, the effect of the polarization of the projec-
tile and the contribution to the energy loss of the electron
exchange events. The results agree reasonably well with
experiments in all the targets analyzed here, showing that
the MELF-GOS description is adequate for free electron
gas materials like Al or more complex ones like Ni and Cu.

In addition, we have used the same method to obtain
the energy loss straggling of Ni for H and He projectiles,
obtaining also a reasonably good agreement with the avail-
able experiments, especially for H projectiles. The contri-
bution of the inner-shells and capture and loss events is
also established.
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