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Abstract
The electronic energy loss of swift H and He ions in gold is studied, paying
special attention to the contribution to the projectile energy loss due to the
ionization of the target inner-shells. We calculate the stopping power and the
energy-loss straggling as a function of the projectile energy, taking into account
the different charge states that the projectile can acquire inside the target and
using the dielectric formalism. The electronic response of gold is described by
the MELF-GOS model, where the excitation of valence and N-shell electrons
is characterized by a linear combination of Mermin-type energy-loss functions,
whereas the contribution to the projectile energy loss due to the target K-, L-,
and M-shell ionization is included through hydrogenic generalized oscillator
strengths.

Stopping powers and straggling are, respectively, systematically above and
below the data in our linear response formulation when H and He ions are below
0.1 MeV/u. Our calculations show that the total contribution of K-, L-, and
M-shells to stopping power and straggling is less than 0.5% and 3.5% below
1 MeV/u, respectively. For stopping powers, the contribution of these inner-
shells increases to 9% at 10 MeV/u and continues to rise to 20% at 100 MeV/u.
For straggling, it increases to 23% at 10 MeV/u and rises to 35% at 100 MeV/u.

(Some figures in this article are in colour only in the electronic version)

A precise knowledge of the stopping power and the energy-loss straggling of swift projectiles
in matter is important for many practical applications in different research areas such as
microelectronics, surface analysis, nuclear physics, space exploration, protection against
radiation, and radio-therapeutic medicine [1–6].
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There is a lot of experimental data in the literature about the inelastic energy loss of swift
projectiles in solids for different projectile–target combinations [7], and several models have
been developed to explain and predict these experimental results [8–12]. The behavior of
several materials, such as gold and other transition metals with a broad excitation spectrum,
cannot be treated as a free electron gas and requires a more realistic description [12].

In this work we use the dielectric formalism to calculate the stopping power and the energy-
loss straggling of gold for swift H and He ions in order to analyze the influence of inner-
shell excitations in the energy-loss processes. In this formalism the target is characterized
through its energy-loss function (ELF) using the MELF-GOS model [12], where outer-shell
electronic excitations are described by means of a linear combination of Mermin-type ELFs,
whereas inner-shell electronic excitations are accounted for through hydrogenic generalized
oscillator strengths (GOS). On the other hand, we use hydrogenic orbitals to describe the
projectile electronic density, considering the different charge states the projectile can acquire,
its polarization due to the self-induced electric field, and the energy loss due to electronic
capture and loss processes.

When a swift atomic projectile (with atomic number Z1) penetrates a material with velocity
v, it begins to lose and capture electrons until charge equilibrium is reached after an elapsed
time, which depends on the projectile–target combination as well as on the velocity of the
former [13]. The stopping power Sp of the material is calculated as the weighted sum of the
partial stopping powers Sp,q for the different charge states q that the projectile can acquire
during its travel through the target,

Sp =
Z1∑

q=0

φq Sp,q , (1)

where φq is the probability of finding the projectile in a given charge state q , evaluated from
the CasP 3.1 code [14]. In the energy range we are concerned with (E � 10 keV/u), nuclear
stopping power can be neglected, so Sp,q can be obtained as [12]

Sp,q = 2e2

πv2

∫ ∞

0

dk

k

[
Z1 − ρq(k)

]2
∫ kv

0
dω ω Im

[ −1

ε(k, ω)

]

+ 2e2 Z1

πv2

∫ ∞

0

dk

k
ρq(k)

∫ kv

0
dω ω Im

[ −1

ε (k, ω)

] [
1 − cos

(
ωdq

v

)]
, (2)

where e is the absolute value of the electron charge, ρq(k) is the Fourier transform of the
projectile electronic density for the q charge state, h̄k and h̄ω are, respectively, the momentum
and energy transferred to electronic excitations of the target, h̄ is Planck’s constant, and
Im[−1/ε(k, ω)] is the target ELF.

Analogously, the energy-loss straggling �2, defined as the variance in the energy-loss
distribution per unit path length, can be written as a weighted sum over all possible charge
states,

�2 =
Z1∑

q=0

φq �2
q, (3)

where the partial contributions �2
q can be expressed in the dielectric formalism as [12]

�2
q = 2e2h̄
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. (4)
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The second term in equations (2) and (4) represents the contribution due to the polarization
of the projectile caused by the self-induced electric field, which displaces by a distance
dq = αq Eq(v) the center of the projectile electronic cloud from its nucleus [12, 15]; αq is
the projectile polarizability [15] and Eq(v) is the self-induced electric field produced by the
projectile,

Eq = 2e

πv2

∫ ∞

0

dk

k
[Z1 − ρq(k)]

∫ kv

0
dω ω Im

[ −1

ε(k, ω)

]
. (5)

We use hydrogenic wavefunctions to obtain ρq(k),

ρq(k) = N

[
1 +

(
k

2Z ′
1

)2
]−2

, (6)

where N is the number of projectile bound electrons; Z ′
1 = Z1 for hydrogenic projectiles

(i.e. H0 and He+) and it must be replaced by the effective nuclear charge Z ′
1 = Z1 − 0.3 for

He0, as stated by Slater’s rules [16]. The additional screening by the target electrons is included
by means of a Yukawa potential as proposed in [15].

In the MELF-GOS model we incorporate separately the contribution to the ELF due
to outer-shell and inner-shell electrons [12], Im [−1/ε(k, ω)]outer and Im [−1/ε(k, ω)]inner,
respectively. Then

Im

[ −1

ε(k, ω)

]
= Im

[ −1

ε(k, ω)

]

outer

+ Im

[ −1

ε(k, ω)

]

inner

. (7)

The ELF of gold associated to the weakly bound outer-shell electrons (valence and N-shell
electrons) is obtained fitting the experimental ELF, in the optical limit (k = 0), by a linear
combination of Mermin-type ELFs [8, 12]

Im

[ −1

ε(k = 0, ω)

]

outer

=
∑

i

Ai Im

[ −1

εM (ωi , γi ; k = 0, ω)

]
, (8)

where εM is the Mermin dielectric function [17]. In the above expression ωi and γi are related to
the position and width, respectively, of the i th Mermin-type ELF, whose corresponding weight
is given by the coefficient Ai . This method warrants that the ELF is properly extended to k �= 0
through the properties of the Mermin-type dielectric functions [18].

On the other hand, K-, L-, and M-shell electrons of gold have a marked atomic character
and do not display collective effects; so their contribution to the ELF is modeled by means of
atomic GOSs [19]

Im

[ −1

ε(k, ω)

]

inner

= 2π2N
ω

∑

n


d fn
(k, ω)

dω
, (9)

where N is the atomic density of gold and d fn
(k, ω)/dω is the GOS of the (n, 
) subshell.
For the latter we use hydrogenic wavefunctions, because that description provides analytical
expressions for the non-relativistic hydrogenic GOSs [12] and, in addition, these GOSs are
practically identical to those evaluated by numerical methods [20].

It is worth mentioning that the ELF of gold associated with the N-shell electrons is modeled
using Mermin-type ELFs [17] instead of GOSs [19] because these electrons are affected by
the presence of neighboring atoms in the condensed system and display collective effects (see
figure 1).

The parameters used to fit the ELF of gold were chosen in such a manner that it reproduces
the main trends of the experimental ELF and satisfies the f -sum rule, i.e. the effective number
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Figure 1. ELF of gold in the optical limit (k = 0) as a function of the excitation energy h̄ω. The
solid curve corresponds to our model, whereas the symbols represent the experimental results from
optical experiments [21] and from x-ray scattering factors [22]. The dashed curve represents Neff

as a function of the excitation energy h̄ω, see equation (10).

Table 1. Parameters used to fit, through equation (8), the ELF of Au, whose atomic density is

N = 5.901 Å
−3

.

i �ωi (eV) γi (eV) Ai

1 9.52 14.97 2.04 × 10−1

2 15.92 6.26 1.02 × 10−1

3 25.58 2.18 1.7 × 10−2

4 38.09 26.67 6.71 × 10−1

5 64.49 30.48 1.22 × 10−1

6 99.32 19.05 9.01 × 10−3

7 402.71 612.23 2.08 × 10−2

of target electrons participating in the electronic excitations up to a given energy h̄ω,

Neff(ω) = 1

2π2 N
∫ ω

0
dω′ ω′ Im

[ −1

ε(k = 0, ω′)

]
, (10)

tends to the number of electrons filling the orbitals of the gold atom.
We depict in figure 1 the ELF of gold in the optical limit (k = 0) and the effective number

Neff of target electrons participating in the electronic excitations up to a given energy h̄ω. The
solid curve represents our fitting according to the MELF-GOS method previously described,
whereas the symbols are experimental results [21, 22]; the dashed curve represents Neff as a
function of the excitation energy h̄ω. The broad excitation spectrum observed in figure 1 is
due to the presence of a large number of inter-band transitions that overlap and interact with
collective oscillations [23]. As was mentioned previously, it can be seen that the N-shell does
not display the atomic character observed in the K-, L-, and M-shells, given by a sharp edge
in the ELF, and hence it cannot be described using GOSs. The parameters we have used to
fit the ELF due to outer-shell electrons are given in table 1, whereas the contribution to the
ELF from inner-shell electrons belonging to K-, L- and M-shells was evaluated by means of
hydrogenic GOS [12]. Figure 1 shows that the ELF smoothly depends on the transferred energy
h̄ω for the excitations of outer-shell electrons (valence and N-shell electrons), in contrast to the
sharp edges observed for the excitations of the electrons belonging to K-, L-, and M-shells.
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Figure 2. SCS of gold for H and He ions as a function of energy. The thick solid curves represent
our calculations, whereas the symbols correspond to the experimental data [7, 26]; thick dashed
curves represent the SCS due to inner-shell ionization and the thin solid curves correspond to the
SCS associated with each subshell, as indicated in the figure.

As expected Neff increases with the transferred energy h̄ω, reaching the total number of target
electrons Neff = 79 for h̄ω ∼ 5 × 104 eV, according to the value of Z1 for gold.

As an additional check, we evaluate the mean excitation energy of the target, which only
depends on the electronic structure of the target [24],

ln I =
∫ ∞

0 dω ω ln ω Im
[−1/ε(k = 0, ω)

]
∫ ∞

0 dω ω Im
[−1/ε(k = 0, ω)

] . (11)

We have obtained I = 754.8 eV, which is in satisfactory agreement with the currently accepted
experimental value of 790 ± 30 eV [25].

We show in figure 2 the stopping cross section (SCS = Sp/N ) of Au for H and He ions
as a function of their energy. The thick solid curves represent our calculations, whereas the
symbols correspond to the experimental data [7, 26]; thick dashed curves represent the SCS due
to inner-shell ionization and the thin solid curves correspond to the SCS associated with each
subshell, as indicated in the figure. The agreement between our calculations and the available
experimental data is quite good in a wide range of projectile energies, but discrepancies between
theory and experiment appear at low energies. These discrepancies mainly appear 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. This formalism loses validity
as the perturbation grows, i.e. when the projectile has a high charge and low energy. In
this situation nonlinear effects, such as the Bloch and Barkas corrections [27], become more
significant.
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Ω
Ω

Figure 3. Reduced energy-loss straggling �2/�2
B of gold for H and He ions as a function of

energy. The thick solid curves represent our calculations, whereas the symbols correspond to the
experimental data [26, 28–37]; thick dashed curves represent the energy-loss straggling due to inner-
shell ionization and the thin solid curves correspond to the energy-loss straggling associated with
each subshell, as indicated in the figure.

Our results include the energy loss due to electronic capture and loss processes, although
it is worth mentioning that these mechanisms represent a minor contribution to the total SCS,
only being appreciable near or before the maximum of the SCS curve. The contribution of the
polarization term in equation (2) also represents a minor correction to the SCS. Finally, the SCS
due to the target K-, L-, and M-shell ionization is negligible for projectile energies �103 keV/u,
i.e. the region comprising the maximum of the SCS, whereas this contribution only starts to be
important at high energies and represents ∼20% of the total SCS at �105 keV/u.

We depict in figure 3 the normalized energy-loss straggling �2/�2
B of Au for H and

He ions, with �2
B = 4πe4N Z 2

1 Z2 being Bohr’s energy-loss straggling and Z2 the target
atomic number. The thick solid curves represent our calculations, whereas the symbols and
error bars correspond to the experimental data [26, 28–37]; thick dashed curves represent
the energy-loss straggling due to inner-shell ionization and the thin solid curves correspond
to the energy-loss straggling associated with each subshell, as indicated in the figure. A
reasonable agreement between our calculations and the available experimental data is obtained.
It is worth mentioning that all the experimental data shown in this figure have corrected the
target roughness effect [38, 39], or its contribution has been estimated according to the error
bars [33].

The contribution to the energy-loss straggling due to the target K-, L-, and M-shells
becomes appreciable for projectile energies >103 keV/u. In addition, this contribution
increases with the projectile energy, being ∼35% of the total energy-loss straggling at
∼104 keV/u, which can be explained according to the ratio ninner/n = 28/79 ∼ 0.35, where
ninner is the number of target inner-shell electrons and n is the number of total target electrons.
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The fact that the excitations of the target K-, L-, and M-shells make a more sizable contribution
to the energy-loss straggling than to the SCS can be understood considering the dependence on
ω2 in the energy-loss straggling (equation (3)) in comparison with the dependence on ω in the
Sp (equation (1)).

In summary, we have calculated the stopping cross section and the energy-loss straggling
of Au for swift H and He ions, obtaining quite a good agreement with the available experimental
data in a broad energy range. We have paid special attention to an analysis of the contribution
of the K-, L-and M-shells to the SCS and �2, finding that it can be neglected for projectiles
with energies �103 keV/u. On the contrary, the excitation of the target inner-shell electrons
must be considered for projectiles with higher energies, being more important when calculating
the energy-loss straggling than the stopping cross section.
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