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Dynamics of solid inner-shell electrons in collisions with bare and dressed swift ions
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We analyze the dynamical interactions of swift heavy projectiles and solid inner-shell electrons. The dielec-
tric formalism employed to deal with the free-electron gas is extended to account for the core electrons, by
using the local plasma approximation. Results for stopping power, energy straggling, and inner-shell ionization
in collisions of bare ions with metals are displayed, showing very good accord with the experimental data.
Simultaneous excitations of projectile and target electrons are also analyzed. In the high-energy range we find
a similar contribution of target core and valence electrons to the probability of projectile-electron loss. The
problem of no excitation threshold within the local plasma approximation and the possibility of collective
excitations of the shells are discussed.
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I. INTRODUCTION

The dynamics of atomic particles traveling through so
matter is basic to atomic physics and material sciences, b
of great interest because of its technological applicatio
The interactions of swift heavy projectiles with dense me
have been extensively analyzed, especially by conside
the interaction with the solid free-electron gas~FEG! @1–7#.
A complete description of the media must also include
screened nuclei and the core or inner-shell electrons~ISE!.
The usual approximation consists of assuming that ISE
frozen and only valence electrons react to the external e
tation. The calculation of the response of the whole el
tronic system of the solid is a difficult many-body problem
A detailed study on the effect of the combined core-vale
electrons on the dielectric response of simple metals
been developed by Sturm, Zaremba, and Nuroh@8# by con-
sidering ISE polarization.

In recent years, the description of the interaction of p
jectiles and solid ISE has attracted interest, mainly relate
stopping-power calculations in high-velocity collision
where the contribution of the ISE proved to be more imp
tant than the FEG@9#. Also important is the role played b
target ISE in the substate mixing of the projectile@10,11#.

The problem of the interaction of ions with the boun
electrons of matter has received considerable theoretica
fort in the past decades@8,12–16#. One of the theoretica
descriptions of the ISE response to the interaction with
heavy ions is the local plasma approximation~LPA! @17–19#.
There have been many applications of this model, from
original proposal of Linhard and co-worker@17# to more re-
cent contributions for stopping-power calculations by de
bound electrons@20#, or coupling of projectile-orbitals by the
induced potential@18#, providing results in accord with the
experimental measurements.

In previous works we obtained probabilities of inelas
processes in the projectile~excitation and electron loss! due
to the interaction with the screened target nucleus@21# and
with the solid FEG@22#. In the present contribution we con
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sider the dynamics of both target and projectile bound e
trons. The main purpose of this work is to examine the c
tribution of ISE to projectile-electron excitation and loss
intermediate to high impact velocities (v*ZP). We are in-
terested in the description of processes with simultane
excitation of the projectile and the target electrons. We w
employ a combination of the LPA~for target-electron excita-
tions! and the first Born approximation~for projectile-
electron ones!.

The work is organized as follows. In Sec. II we briefl
summarize the theoretical model employed. In Sec. III
present the results related to three items. In the first one
analyze the influence of target ISE in collisions of bare p
jectiles with metals. Results of stopping power, energy str
gling, and inner-shell ionization are displayed and compa
with a large variety of experimental data. In the second p
of Sec. III we present the inelastic contribution of ISE
projectile-electron excitation and loss. In the third one,
LPA distribution in the energy gained by the target electro
is investigated. The problem of no excitation thresho
within the LPA @16,19,23# is discussed.

The atomic units system will be used throughout th
work.

II. THEORY

We consider the interaction of fast projectiles~of nuclear
chargeZP and impact velocityv) with all the solid electrons
~ISE and FEG!. We extend the dielectric formalism em
ployed to deal with the FEG to account for the ISE by usi
the LPA. Summarizing, this model assumes two approxim
tions. First, bound electrons react to the external perturba
as free particles, which can be described at each poin
spacerW as belonging to a FEG with a local Fermi veloci
kF(r )5@3p2n(r )#1/3, wheren(r ) is the electronic density
Second, the corresponding dielectric function is a spa
mean value of the Linhard dielectric function«„q,v,kF(r )…
@18#
©2002 The American Physical Society02-1
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1

«LPA~q,v!
5

3

RWS
3 E

0

RWS
r 2dr

1

«„q,v,kF~r !…
, ~1!

with RWS being the Wigner-Seitz sphere radius@RWS
5@3/(4pnat)#1/3 andnat the solid atomic density#.

The LPA satisfies thef-sum rule as far as the correct de
sity of electrons is used. It is

Ne5
1

2p2nat
E

0

`

vdvImF 21

«LPA~q,v!
G

5
1

2p2nat
E

0

`

vdvIm@«LPA~q,v!#, ~2!

where Ne53/RWS
3 *0

RWSdr r 2n(r ) is the total number of
bound electrons. Equation~2! assures the correct high
velocity limit for the stopping power.

It is useful to remark here that the LPA@17–20# considers
target bound electrons as a FEG. It implies that any valu
energy gained by these electrons,v.0, is allowed, not only
the values greater than thenl-shell binding energyenl . Here-
after we will refer to the energy region 0,v,enl as the
below ionization energy region~BIER!. The question abou
the physical meaning of the energy transferred to the ta
electrons below the ionization threshold is a conflicting po
of the model and, probably, the major set back of the LP
However, the LPA verifies thef-sum rules and gives the co
rect high-energy limit for the stopping power as given in E
~2! only if we integrate the energy gained by any target el
tron fromv50. If we cut off the values below the ionizatio
threshold, thef-sum rule and the high-velocity limit is no
fulfilled any more.

III. RESULTS

As a first step we apply the LPA to calculate the respo
of the ISE in collisions ofbare ions with the solid target. In
this way we single out the performance of the approximat
to deal with target-electron excitations, and compare the
oretical results with the large variety of experimental d
available for protons colliding with Al, Si, and Cu. After
wards, we deal withdressedprojectiles and employ the LPA
to describe the response of the ISE of the solid to
projectile-electron promotion: either excitation or electr
loss.

The spatially dependent densitiesn(r ) of the ISE foreach
shell are obtained from the Hartree-Fock wave functions
the target@24#. It allows us to consider eithereach shell
separately, or thewholeset of ISE by adding the shell den
sities. When evaluating the contribution of the ISE, we
clude all the bound electrons, i.e.,K andL shells for alumi-
num and silicon, andK, L, and M shells for copper. Even
when the contribution of the deeply bound electrons~i.e.,
K-shell electrons! is negligible at intermediate velocities, it i
important to check the proper high-velocity limit.

Apart from the ISE response to the collision, the FE
contribution is calculated in the usual way@22,25# within the
dielectric formalism, by employing the Mermin-Linhard d
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electric function@26# for a gas of electrons of homogeneo
density. The parameters employed to characterize the F
are the number of valence electronsNe , the radius of the
Seitz cell per electronr S , and the damping rate of the plas
monsg. That isNe53, r S52.10, andg50.037 for Al; Ne
54, r S51.98, andg50.156 for Si;Ne52, r S52.12, and
g51.2 for Cu@27,28#.

A. Collisions of bare ions with metals

In the case of bare projectiles colliding with solids, th
moments of the energy loss of orderj read@19#

Wj5
2ZP

2

pv2E0

`dq

q E
0

qv
ImF2

1

«LPA~q,v!
Gv jdv. ~3!

In particular,W0 is the probability,W15S is the stopping
power,W2 is the energy straggling, all of them expressed p
unit length. Results of applying the LPA to the calculation
these three energy moments are reported next.

1. Stopping power

In Fig. 1 we displaytotal stopping power per unit length
FEG and ISE contributions summed up, in collisions of p
tons with Al, Si, and Cu. Our LPA curve is plotted togeth
with the experimental data and with the results of the se
empirical model of Abrilet al. @9#. The latter is a combina-
tion of Mermin-type dielectric functions with parameters th
fit the experimental optical properties of each solid.

The agreement of the LPA with the experiments is go
The LPA overestimates the data by few percents near
maximum for Al and Si targets. In these cases the main c
tribution comes from the excitation of theL shell, whose
electronic velocity isve'3 a.u. For impact velocityv>ve
the agreement with the data is surprisingly good. For Cu,
dispersion of the experimental results at intermediate vel
ties is greater than for the other targets and our results s
to have a better performance as compared with a grou
experimental data. Near the maximum, the main contribut
for Cu comes from the 3d state, which is more liable to be
approximated as a FEG, since it has small binding ene
(e3d.20.74 a.u. andve'1.2 a.u.@24#!.

In all the cases, the LPA curves have the correct hi
velocity limit, expressed by Eq.~2!. This behavior is related
to the fact that we include the whole set of target electro
considering even theK shell. Anyway, in our range of en
ergy, the main contribution comes from the outer shellsL
shell for Al and Si,M shell for Cu! and, of course, the FEG

The importance of including in the stopping power tho
excitations inside the BIER depends on the projectile vel
ity. For example, in collisions of protons with Al at impac
velocity v56 a.u., the contribution of the BIER represen
10% of the total stopping power. This velocity is inside t
high-velocity region of Fig. 1, where the agreement with t
experimental data is very good. The question is the phys
sense of energy absorbed by bound electrons lower than
ionization threshold. We will return to this point later.
2-2
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2. Energy straggling

Figure 2 shows energy stragglingV of protons in the
same targets, Al, Si, and Cu, as function of the impact
ergy. The energy straggling is defined asV5AW2, where
W2 is given by Eq.~3!. The values obtained are normalize
to the Bohr stragglingVB ,

VB5A4pZP
2ZTnat. ~4!

In this figure we plot two theoretical curves, total ener
straggling including the ISE and the FEG, and the FEG c
tribution alone. The well-known saturation effect is observ
in the FEG curve at high velocities. This highlights the im
portant role played by ISE to reproduce the experimen
data. Note that the asymmetric error bars in the results

FIG. 1. Total stopping power in collisions of protons with di
ferent metals, ISE and FEG contributions summed up. Notat
solid line, present LPA calculations; dotted line, semiempirical
sults of Abril et al. @9#. Experimental data: Refs.@29–49#.
04290
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Eckardt and co-workers@51,53#, included in Fig. 2, are the
maximum correction for the foil roughness. The agreem
between our LPA results and the experiments is good eve
low velocities.

The straggling is related to the second momentum of
energy. The integration overv in Eq. ~3! depends strongly
on the values of Im@21/«LPA(q,v)# at low v. This is a very
sensitive region for any theoretical model to describe
process properly. For energy momentsWj , with j >1, the
term v j masks the behavior of the probability at smallv.
When we evaluate energy straggling, the factorv2 loses the
form of the function at lowv, retaining only the Coulomb
tail. The agreement of the LPA shown in Fig. 2 even at lo
velocities is reasonable. On the contrary, probabilities
unit lengthP5W051/l, ~with l being the mean free path!
are the most sensitive magnitudes since they preci
sample the region very close tov50.

n:
-

FIG. 2. Energy straggling from Eq.~3! normalized to the Bohr
stragglingVB given by Eq.~4!. Notation: solid line, present LPA
calculations considering all target electrons~ISE and FEG!; dotted
line, only the FEG contribution. Experimental data: Re
@45,50–53#.
2-3
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3. Inner-shell ionization

One particular magnitude to inspect is the ionization pr
ability. In the past decades inner-shell ionization proces
have received much attention as shown by the compilat
of Orlic and co-workers@54,55#, Braziewicz and co-workers
@56,57#, Paul and co-workers@58,59#, and Lapicki @60#. A
large variety of experimental data is tabulated and availa
in the literature and may be used for comparison@61–66#.

The LPA as presented here is specially suitable in
calculation of inner-shell ionization cross sections. We c
evaluate each shell separately and take into account the
~ionization energy!, shell to shell. In this case we do kno
that the final state of the target-electron satisfies the co
tion v.enl . We impose this condition on the LPA by inte
grating the contribution of each shell in Eq.~3! from v
5enl . The values of orbital energies are given by t
Hartree-Fock tables@24#.

In Fig. 3 we test the model forK-shell ionization of Al, Si,
and Cu by protons. Probabilities per unit length are obtai
as a product of the cross section times the atomic densit
the target,nat . The comparison with the experimental resu
is surprisingly good. We have also successfully tested
model forK-shell ionization of ISE of many other collisiona
systems, not reported here.

In Fig. 4 we display LPA results forL-shell ionization of
Si by protons.K-shell results are also plotted for compariso
The L-shell ionization is at least two orders of magnitu
more important than theK-shell ionization, so theL-shell
curve plotted in Fig. 4 is closed to the total ionization on
Again, the agreement between theory and experiment
good, though ourL-shell curve runs below the experiment
The LPA ionization values are sensitive to the shell bind
energy considered. Any difference in this energy is m
significant for theL shell ~small binding energy! than for the
K shell.

FIG. 3. K-shell ionization of Al, Si, and Cu by protons. Nota
tion: solid line, LPA calculations. Experimental data: Refs.@61–64#.
04290
-
es
s

le

e
n
ap

i-

d
of

e

.

.
is

g
e

B. Collisions of dressed projectiles with metals

In this section we focus on projectile inelastic proces
due to the interaction with all the electrons of the metal. T
participation of target ISE in these processes can take p
in two ways: frozen in the same state with their role r
stricted to screening the nuclear charge, or active when
target ISE are excited. This simultaneous excitation of p
jectile and target electrons is the antiscreening effect,
well-known importance in collisions with gases@67–75#. In
a previous work@21# we have calculated projectile-electro
excitation and loss by considering only the screening role
the target electrons. In the present contribution our aim is
consider solid antiscreening mechanisms by using the L
This is a field where the LPA can become an important a
useful tool because a direct atomic calculation involves
determination of several target atomic factors and the co
sponding sums. Instead, the LPA considers any final exc
state as a whole.

The energy moments for excitation processes of dres
projectiles read@22#

Wj
exc~ i , f !5

2

pv2EDe/v

` dq

q E
0

qv2De

Fi f ~q,v!

3ImF2
1

«LPA~q,v!
G ~v1De! jdv, ~5!

with De5e f2e i being the energy gained by the projecti
electron excited from the initial statei to the final statef, and
Fi f (q,v) being the atomic form factor of the hydrogen
projectile considering unperturbed initial and final wa
functions~first Born approximation!.

For projectile-electron-loss processes, the final state
characterized byf 5kW , the electron momentum with respe

FIG. 4. LPA probabilities per unit length ofL- andK-shell ion-
ization of Si by protons as a function of the impact velocity. E
perimental data: Refs.@61,65#.
2-4
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to the ion. The momentsWj
loss( i ,kW ) require an additiona

integration onkW . In this case the energy gained by the pr
jectile electron depends on the momentum of the electro
De5k2/22e i . The projectile ionization form factor
FikW(q,v), is calculated in first Born approximation in th
usual way@76–81#, with the loss electron described by th
Coulomb wave function in the continuum of the projectile

We consider hydrogenic projectiles He1 colliding with Al
at intermediate to high velocities. The dynamical screen
of the ion by the FEG is taken into account@82#. The conse-
quence of this screening is that the binding energies in
the solid are relaxed depending on the ion velocity. For
stance, there is no He1 (n52) bound state forv,3 a.u.
@22,83#. For very high impact velocity, the electrons of th
FEG cannot respond to the ion perturbation, and the bind
energies inside the solid tend to those of the isolated hy
genic atom.

Figure 5 displays the probabilities per unit length f
projectile-electron excitation 1s→2p, 1s→2s, and for elec-
tron loss. The FEG and ISE contributions are plotted se
rately and summed up as total probabilities. The electr
loss process is the main inelastic transition, and the only
for v,3 a.u. Also important is the 2p excitation, which is
nearly one order of magnitude larger than 2s excitation.

As can be observed in Fig. 5, the contribution of the e
citation of ISE to the processes studied is appreciable eve
intermediate velocities. We define the ratio of probabilities
follows:

R5PISE /~PFEG1PISE!, ~6!

FIG. 5. Electron excitation and loss probabilities per unit len
in He1(1s)1Al collisions. They are obtained by using the prese
LPA together with the first Born approximation for the project
form factor. Partial ISE and FEG contributions are plotted se
rately, and sum up to give total probabilities.
04290
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wherePISE andPFEG are probabilities per unit length due t
the interaction with the ISE and the FEG, respectively. F
electron loss of He1 projectiles at impact velocityv
56 a.u., R50.4, and R→0.5 for higher velocities. This
means equipartition of the aluminum ISE and FEG contrib
tion. For 2p and 2s excitation of He1, PISE are also com-
parable toPFEG as seen from Fig. 5. This brings us again
the importance of the antiscreening effect. For gases it
been found that target-electron excitation~antiscreening!
contributes significantly to projectile-electron excitation
compared with screening mechanisms@67–75#. Therefore, it
is not enough to consider the bound electrons of the ta
atoms as frozen observers: their dynamics plays an impor
role. The same role is found here for solids by using
LPA.

C. Dependence on the energy gained by target electrons

We evaluate probabilities per unit length as a function
the energy gained by the metal electrons,dW0 /dv, and plot
the corresponding energy spectra. Figure 6 shows en
spectra in the processes of projectile excitation or loss du
the interaction with the FEG and the ISE. The probabilit
due to the interaction of He1 with the aluminum FEG show
a peak atv.0.65 a.u., which is the known plasmon pe
~collective excitations of the FEG! shifted due to the disper
sion relation@22#. The energy absorbed by the ISE is not
localized as that of the FEG due to the spatial mean va
done within the LPA. Note that the importance of He1 exci-
tation 1s→2p is comparable to that of the electron loss, n
so the 1s→2s excitation.

t

-

FIG. 6. Probabilities per unit length for He1(1s) inelastic tran-
sitions as a function of the energy gained by the target electron
2-5
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We have an important contribution to total LPA probabi
ties from the BIER~i.e., for Al, «2p.24.5 a.u.). It repre-
sents ~probably unphysical! single-electron excitations o
even collective modes of excitation of the bound shells
any. The comparison with the experimental data realized
stopping power or energy straggling in preceding, secti
leaves the possibility open. As we mentioned before, we
include energies belonging to the BIER in these calculatio
Anyway, the BIER contribution is lower for energy momen
W1 or W2 than forW0.

IV. CONCLUSIONS

In this contribution we deal with the role of the dynami
of solid ISE in collisions with bare ions and hydrogenic pr
jectiles at intermediate to high velocities. We extend the
electric formalism employed to deal with the FEG, to a
count for the ISE by using the LPA. This model describes
ISE as a FEG of local dependent density. The electro
densities of each atomic shell are obtained from the co
sponding Hartree-Fock wave functions.

This formalism allows us to calculate stopping power, e
ergy straggling, and probabilities per unit length for ba
projectiles colliding with the whole electronic system
some metals, such as Al, Si, and Cu. The comparison of
LPA results and the experimental data available is surp
ingly good. We also test the LPA to deal with inner-sh
s

-
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.

n

as
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ionization by circumscribing the jump in energy gained
the electrons to values greater than the shell binding ene
K-shell andL-shell ionization probabilities are calculated an
compared with the experimental data showing a very go
performance. In this way the LPA stands as a very sim
and reliable theoretical approximation to deal with inne
shell ionization of many-electron atoms by light ions, as
as total cross sections are concerned.

We also present here the results of employing the LPA
dealing with the dynamics of inelastic processes of dres
projectiles. Particularly we evaluate the simultaneous exc
tion of projectile and target electrons. The inelastic proces
that take place in the target electrons represent the w
known antiscreening effect, usually referring to gases.
sults show that projectile-electron-loss and excitation pr
abilities due to the collision with the ISE are comparable
those coming from the interaction with the FEG. In the ca
of electron loss of He1 in Al, we obtain the equipartition of
the FEG and ISE contributions at high velocities.
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