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a b s t r a c t

We use time-dependent density functional theory to calculate the energy loss of an antiproton colliding
with a small Al cluster previously excited. The velocity of the antiproton is such that non-linear effects in
the electronic response of the Al cluster are relevant. We obtain that an antiproton penetrating an excited
cluster transfers less energy to the cluster than an antiproton penetrating a ground state cluster. We
quantify this difference and analyze it in terms of the cluster excitation spectrum.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

A charged particle moving across a metallic target is able to cre-
ate electronic excitations in the medium at the expense of its own
kinetic energy. Research on this phenomenon has been broad in
condensed matter physics and materials science because of its rel-
evance in various fundamental and applied topics, such as radia-
tion damage, medical physics, and ion sputtering.

A key point in the theoretical analysis of the slowing down of
charged particles in metals is the intensity of the perturbation that
the moving particle introduces in the medium. For a particle of
charge Q moving with a velocity t in a standard metal, the pertur-
bation strength can be roughly characterized by the Sommerfeld
parameter g ¼ Q=t [1]. If such ratio is small, g� 1, linear theory
is naturally applied and accurate results for the particle energy loss
are found. If g� 1 and t is much smaller than the typical velocities
of the electrons in the medium, various non-perturbative method-
ologies have been successfully applied [2]. In between these two
cases, in the regime of intermediate velocities, accurate descrip-
tions of the energy loss process are much more involved because
quasistatic or perturbative approximations break down even for
unit-charge projectiles. Only recently calculations based on time-
dependent density functional theory (TDDFT) [3–10] have shown
its potential to close this gap.

The achievements of TDDFT in the non-linear description of
electronic excitations pave the way to answer new and challenging
questions in the field. In the traditional description of energy loss
processes, the target is always considered as initially in its ground
state. However, the energy lost by a travelling charge in a metallic
medium should be affected by the electronic state in which the tar-
get is. Otherwise said, if electronic excitations have been already
created in the system, the electronic response to the incident per-
turbation, and consequently the energy loss, will be different. In
this work we try to quantify this difference for the particular case
of a point charge crossing metallic clusters of a few Å size.

The experimental investigation of the excitation and ionization
of neutral metal clusters by collision with positively or negatively
charged particles has been intensive. In particular, the ionization of
metal clusters by low energy singly and multiply charged ions and
protons [11,12] and the ionization of neutral metal clusters by slow
electrons [13–16] have been studied. Description of such processes
from the theoretical point of view is incomplete and requires fur-
ther investigation. In our work we study the collision of an Al clus-
ter with a slow negative point charge (an antiproton). The choice of
the antiproton as a projectile allows us to avoid complications re-
lated to the electron capture by the cluster if the projectile is an
electron and the electron capture by the projectile if the latter is
an ion. Our goal is to identify the distinct effects that arise in the
dynamic screening and the projectile energy loss when the metal-
lic target has been previously excited by a preceding projectile. In
spite of the fact that our model is simplified, the results of our
study can contribute to the understanding of the fundamentals of
the dynamical processes during collision of charged particles with
metallic clusters.
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We perform an explicit time propagation of the electronic state
of the system using TDDFT and evaluate the energy lost by the
charge when crossing ground-state clusters. We compare this
quantity with the amount of energy lost when the projectile
crosses a cluster excited from a previous collision. We show that
the difference is appreciable and give the explanation of this
change as a consequence of the excited state of the cluster as well
as of the emission of electronic charge from the excited cluster.

Non-linear effects in the excitation of metal clusters have been
previously analyzed with TDDFT. In particular, electron dynamics
in clusters under intense laser fields are an active hot topic of re-
search [17] because of the possibilities offered to explore and con-
trol ultrafast processes. The resonance energy of collective
excitations in these systems has been shown to depend on the
intensity of the perturbation [18]. Here we focus on a different type
of external perturbation, namely, that derived from a point Cou-
lomb charge crossing the system. We will show, nevertheless, that
similar shifts in the position of the plasmon peaks are found.

Hartree atomic units (e ¼ �h ¼ me ¼ 1) will be used throughout
this work unless otherwise stated.

2. Methodology

Let us first define the system under study: We will focus on a
negative point charge (an antiproton) crossing a metal cluster.
Electron dynamics in metallic systems typically lie in the femtosec-
ond and subfemtosecond time scales [19,20]. For this reason and
for the kind of processes that we study, we consider the cluster
ion cores as frozen. We further simplify the problem and use the
spherical jellium model (JM) to represent the cluster. In the JM,
the ions are substituted by an homogeneous background of posi-
tive charge with density nþ0 ðrÞ ¼ n0ðrsÞHðRcl � rÞ. Here Rcl is the ra-
dius of the cluster, HðxÞ is the Heaviside step-function and n0ðrsÞ is
the constant bulk density, which depends only on the Wigner–Sei-
tz radius rs (1=n0 ¼ 4pr3

s =3) [21]. The number of electrons in a neu-
tral cluster is N ¼ Rcl=rsð Þ3.

The ground state electronic density of the cluster nðrÞ is ob-
tained using the Kohn–Sham (KS) scheme [22] of density func-
tional theory (DFT) [23]. The ground state KS wave functions
uiðrÞ are expanded in the spherical harmonics basis set [24].

The evolution of the electronic density in the cluster in response
to the field of the moving charge is calculated using TDDFT [25].
We propagate the ground state wave functions uiðr;0Þ ¼ uiðrÞ
solving time-dependent KS equations:
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uiðr; tÞ: ð1Þ

The effective potential includes four terms Veffðr; tÞ ¼ Vextðr; tÞþ
VHðr; tÞ þ Vxcðr; tÞ þ V �pðr; tÞ, where Vext is the external potential cre-
ated by the positive background. VH is the Hartree potential created
by the electronic density. Vxc is the exchange–correlation potential,
calculated with the standard adiabatic local density approximation
(ALDA) with the Perdew–Zunger parametrization of Ceperley–Alder
exchange and correlation potential [26]. Finally, V �pðr; tÞ ¼
� Q �pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðz�pðtÞ�zÞ2þq2
p HðtÞ is the potential created by the antiproton and act-

ing on the valence electrons of the cluster. We use cylindrical coor-
dinates (q; z) in the time-dependent calculations, which are more
appropriate since the problem has axial symmetry. The origin of
coordinates is located at the center of the cluster. The antiproton is
represented by a negative point charge (Q �p ¼ �1) which moves with
constant velocity t along the z-axis. At time t = 0, the antiproton is
located at a distance from the cluster (50 a.u.) far enough to avoid
a significant interaction between the projectile and the target. The
time propagation of the electron wave function is performed using

the time-stepping algorithm: uiðq; z; t þ dtÞ ¼ e�iHidtuiðq; z; tÞ. The
split operator approximation is then used to separate the potential
and kinetic energy terms in the e�iHidt time propagator. The action
of the kinetic energy operator is calculated using Crank–Nicolson
propagation scheme. A detailed description of the numerical proce-
dure can be found in Refs. [27–29].

From the time-dependent KS orbitals we obtain the time-evolv-
ing electronic density of the excited cluster nðq; z; tÞ ¼P

i2occjuiðq; z; tÞj
2. The force acting on the moving antiproton along

the z-axis is obtained from the time-dependent electronic density
and includes the effect of the positive background:

FzðtÞ ¼ 2p
Z

qdqdz
nðq; z; tÞ � nþ0 ðq; zÞ
½ðz�pðtÞ � zÞ2 þ q2�3=2 ½z�pðtÞ � z�: ð2Þ

The energy loss is then obtained from the integral:

Eloss ¼ �t
Z 1

0
FzðtÞdt: ð3Þ

We will study the energy loss in two different motion cycles. In the
first cycle, the antiproton moves towards the cluster with a constant
velocity t, crosses it following a symmetry axis through the cluster
center, and eventually moves away until it reaches a turning point
arbitrarily defined. The turning point is at a distance from the clus-
ter far enough not to have any residual interaction. The cluster is
then left in an excited state. The electronic energy transferred to
the cluster during the collision is calculated. In the second cycle,
the antiproton turns back from the turning point and starts to ap-
proach the excited cluster with the same constant velocity t. In
the second crossing of the cluster, the latter now in an excited state,
energy is again transferred to the cluster. We calculate the energy
lost in this second cycle and compare the obtained value with that
of the first cycle.

3. Results and discussion

We have chosen a small Al (rs ¼ 2:07) cluster with N = 18 elec-
trons and with radius Rcl = 5.43 a.u. (�0.29 nm). In all the calcula-
tions shown in this article, the projectile velocity is t ¼ 0.5 a.u. The
ALDA–TDDFT method used here predicts very well the energy loss
of antiprotons in Al targets. The method gives very good agreement
with measurements in Al bulk for antiproton velocities up to
1.8 a.u. Above this velocity the excitations of the inner shells in
Al start to contribute to the energy loss and results deviate from
the experimental ones [4].

The antiproton starts its motion at time t = 0 from the position
z0 = �50 a.u. After the first collision, the projectile continues to
move until t = 1000 a.u. At this time the second cycle starts and
the antiproton takes the way back to collide again with the cluster.
We call s to the time interval between both collisions. In both cy-
cles we calculate the force FzðtÞ experienced by the projectile due
to the interaction with the cluster through Eq. 2. From FzðtÞ we ob-
tain the value of the energy lost by the antiproton Eloss by means of
Eq. 3. In addition, we consider three other different time spots for
the second cycle to start: 1003.5, 1005, and 1010 a.u. The purpose
of using different time delays is to check the sensitivity of the final
result to the dynamics followed by the electron density in the clus-
ter excited state. With our choice of time delays, the antiproton
reaches the excited cluster respectively Ds = 7, 10 and 20 a.u. of
time later than in the reference calculation. Depending on the va-
lue of Ds, the antiproton will start to cross the surface of the ex-
cited cluster meeting a minimum or a maximum in the
electronic density oscillations, or an intermediate state. The den-
sity oscillations will be discussed later. The results for the energy
loss are summarized in Table 1.
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