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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.

DOI: 10.1103/PhysRevA.66.042902 PACS nuntber34.50.Bw, 31.70-f

[. INTRODUCTION sider the dynamics of both target and projectile bound elec-
trons. The main purpose of this work is to examine the con-
The dynamics of atomic particles traveling through solidtribution of ISE to projectile-electron excitation and loss at
matter is basic to atomic physics and material sciences, beirigtermediate to high impact velocities £Z,). We are in-
of great interest because of its technological applicationsterested in the description of processes with simultaneous
The interactions of swift heavy projectiles with dense mediaexcitation of the projectile and the target electrons. We will
have been extensively analyzed, especially by consideringmploy a combination of the LPHor target-electron excita-
the interaction with the solid free-electron g&EG) [1-7].  tions) and the first Born approximatiorifor projectile-
A complete description of the media must also include theelectron ones
screened nuclei and the core or inner-shell elect(tBE). The work is organized as follows. In Sec. Il we briefly
The usual approximation consists of assuming that ISE areummarize the theoretical model employed. In Sec. Il we
frozen and only valence electrons react to the external excipresent the results related to three items. In the first one, we
tation. The calculation of the response of the whole elecanalyze the influence of target ISE in collisions of bare pro-
tronic system of the solid is a difficult many-body problem. jectiles with metals. Results of stopping power, energy strag-
A detailed study on the effect of the combined core-valenceling, and inner-shell ionization are displayed and compared
electrons on the dielectric response of simple metals hawith a large variety of experimental data. In the second part
been developed by Sturm, Zaremba, and NU&hoy con-  of Sec. lll we present the inelastic contribution of ISE to
sidering ISE polarization. projectile-electron excitation and loss. In the third one, the
In recent years, the description of the interaction of pro-LPA distribution in the energy gained by the target electrons
jectiles and solid ISE has attracted interest, mainly related tés investigated. The problem of no excitation threshold
stopping-power calculations in high-velocity collisions, within the LPA[16,19,23 is discussed.
where the contribution of the ISE proved to be more impor- The atomic units system will be used throughout this
tant than the FEG9]. Also important is the role played by work.
target ISE in the substate mixing of the projecfil®,11].
The problem of the interaction of ions with the bound
electrons of matter has received considerable theoretical ef- II. THEORY
fort in the past decadel$,12—16. One of the theoretical _ ) _ o
descriptions of the ISE response to the interaction with fast We consider the interaction of fast projectikeg nuclear
heavy ions is the local plasma approximatie®A) [17-19.  chargeZp and impact velocity) with all the solid electrons
There have been many applications of this model, from thé/SE and FEG. We extend the dielectric formalism em-
original proposal of Linhard and co-workgt7] to more re-  Ployed to deal with the FEG to account for the ISE by using
cent contributions for stopping-power calculations by deeghe LPA. Summarizing, this model assumes two approxima-
bound electronf20], or coupling of projectile-orbitals by the tions. First, pound eIe.ctrons react to thg external perturb_atlon
induced potentia[18], providing results in accord with the @S free particles, which can be described at each point of
experimental measurements. spacer as belonging to a FEG with a local Fermi velocity
In previous works we obtained probabilities of inelastic ke(r)=[3m2n(r)]*3 wheren(r) is the electronic density.
processes in the projectilexcitation and electron losslue  Second, the corresponding dielectric function is a spatial
to the interaction with the screened target nuclg2ld and  mean value of the Linhard dielectric functierq, w,kg(r))
with the solid FEG22]. In the present contribution we con- [18]
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1 3 (Ruws 1 electric function[26] for a gas of electrons of homogeneous
= TJ 2 M a okt (1)  density. The parameters employed to characterize the FEG
e "(q,w) Ryglo e(q,0,kg(r)) are the number of valence electroNs, the radius of the

Seitz cell per electrong, and the damping rate of the plas-
monsy. That isN.=3, rg=2.10, andy=0.037 for Al; N
=4, r5=1.98, andy=0.156 for Si;N.=2, rs=2.12, and
v=1.2 for Cu[27,28.

with Rys being the Wigner-Seitz sphere radidfRys
=[3/(47n,)]*® andn,, the solid atomic densily

The LPA satisfies thésum rule as far as the correct den-
sity of electrons is used. It is

1 * -1 A. Collisions of bare ions with metals
Ne= 5 wdwlm RV o o ) )
27Nyt 0 e "(q,w) In the case of bare projectiles colliding with solids, the
1 moments of the energy loss of orderead[19]
= wdolm[e"PA(q,w)], (2 2
sznatﬁ) W:% x@ il = —1 odo. (€]
" m?lo a Jo e"PAq, o)

where Ng= 3/R\'°;V5f§WSdr r2n(r) is the total number of
bound electrons. Equatio2) assures the correct high-
velocity limit for the stopping power. In particular, W, is the probability,W,;=S is the stopping

It is useful to remark here that the LPA7—2Q considers  power,W, is the energy straggling, all of them expressed per
target bound electrons as a FEG. It implies that any value ofinit length. Results of applying the LPA to the calculation of
energy gained by these electroas; 0, is allowed, not only these three energy moments are reported next.
the values greater than thé-shell binding energy,,, . Here-
after we will refer to the energy region<Ow<e, as the
below ionization energy regio(BIER). The question about ) ) ] ,
the physical meaning of the energy transferred to the target !N Fig. 1 we displaytotal stopping power per unit length,
electrons below the ionization threshold is a conflicting pointtEG and ISE contributions summed up, in collisions of pro-
of the model and, probably, the major set back of the LPA_to_ns with Al, S_l, and Cu. Our LPA curve is plotted together_
However, the LPA verifies thesum rules and gives the cor- with _the experimental (;Iata and with the res_ults of the_ semi-
rect high-energy limit for the stopping power as given in Eq.eMPpirical model of Abrilet al. [9]. The latter is a combina-
(2) only if we integrate the energy gained by any target elecion of Mermin-type dielectric functions with parameters that
tron fromw=0. If we cut off the values below the ionization fit the experimental optical properties of each solid.

threshold, thef-sum rule and the high-velocity limit is not _ 1he agreement of the LPA with the experiments is good.
fulfilled any more. The LPA overestimates the data by few percents near the

maximum for Al and Si targets. In these cases the main con-
tribution comes from the excitation of the shell, whose
electronic velocity isv,~3 a.u. For impact velocity =v,

As a first step we apply the LPA to calculate the responséhe agreement with the data is surprisingly good. For Cu, the
of the ISE in collisions obare ions with the solid target. In dispersion of the experimental results at intermediate veloci-
this way we single out the performance of the approximatiorties is greater than for the other targets and our results seem
to deal with target-electron excitations, and compare the thgo have a better performance as compared with a group of
oretical results with the large variety of experimental dataexperimental data. Near the maximum, the main contribution
available for protons colliding with Al, Si, and Cu. After- for Cu comes from the @ state, which is more liable to be
wards, we deal withliressedprojectiles and employ the LPA approximated as a FEG, since it has small binding energy
to describe the response of the ISE of the solid to thdezg=—0.74 a.u. and~1.2 a.u.[24]).
projectile-electron promotion: either excitation or electron In all the cases, the LPA curves have the correct high-
loss. velocity limit, expressed by Eq2). This behavior is related

The spatially dependent densitieg’) of the ISE foreach  to the fact that we include the whole set of target electrons
shell are obtained from the Hartree-Fock wave functions ofonsidering even th& shell. Anyway, in our range of en-
the target[24]. It allows us to consider eitheeach shell  ergy, the main contribution comes from the outer shdlls (
separately, or thevhole set of ISE by adding the shell den- shell for Al and Si,M shell for Cy and, of course, the FEG.
sities. When evaluating the contribution of the ISE, we in- The importance of including in the stopping power those
clude all the bound electrons, i.d&,andL shells for alumi-  excitations inside the BIER depends on the projectile veloc-
num and silicon, and, L, and M shells for copper. Even ity. For example, in collisions of protons with Al at impact
when the contribution of the deeply bound electrgns.,  velocity v =6 a.u., the contribution of the BIER represents
K-shell electronpis negligible at intermediate velocities, itis 10% of the total stopping power. This velocity is inside the
important to check the proper high-velocity limit. high-velocity region of Fig. 1, where the agreement with the

Apart from the ISE response to the collision, the FEGexperimental data is very good. The question is the physical
contribution is calculated in the usual wg3R2,25 within the  sense of energy absorbed by bound electrons lower than the
dielectric formalism, by employing the Mermin-Linhard di- ionization threshold. We will return to this point later.

1. Stopping power

Ill. RESULTS
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stragglingQ g given by Eq.(4). Notation: solid line, present LPA

calculations considering all target electrqhSE and FEG; dotted
FIG. 1. Total stopping power in collisions of protons with dif- line, only the FEG contribution. Experimental data: Refs.

ferent metals, ISE and FEG contributions summed up. Notationf45,50-53.

solid line, present LPA calculations; dotted line, semiempirical re-

sults of Abril et al. [9]. Experimental data: Ref§29—-49. Eckardt and co-worker51,53, included in Fig. 2, are the

maximum correction for the foil roughness. The agreement

between our LPA results and the experiments is good even at
Figure 2 shows energy stragglif@ of protons in the |ow velocities.

same targets, Al, Si, and Cu, as function of the impact en- The straggling is related to the second momentum of the

ergy. The energy straggling is defined @s=\\W,, where  energy. The integration oves in Eq. (3) depends strongly

W, is given by Eq.(3). The values obtained are normalized gn the values of lin—1/e“PA(q,w)] at low w. This is a very

to the Bohr stragglindlg, sensitive region for any theoretical model to describe the

process properly. For energy momeMg, with j=1, the
Q= 47Z5ZNy:. (4)

term ! masks the behavior of the probability at small

When we evaluate energy straggling, the factdrloses the
In this figure we plot two theoretical curves, total energyform of the function at loww, retaining only the Coulomb
straggling including the ISE and the FEG, and the FEG contail. The agreement of the LPA shown in Fig. 2 even at low
tribution alone. The well-known saturation effect is observedvelocities is reasonable. On the contrary, probabilities per
in the FEG curve at high velocities. This highlights the im- unit lengthP=W,=1/\, (with N\ being the mean free path
portant role played by ISE to reproduce the experimentahre the most sensitive magnitudes since they precisely
data. Note that the asymmetric error bars in the results afample the region very close to=0.

2. Energy straggling
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FIG. 3. K-shell ionization of Al, Si, and Cu by protons. Nota-

tion: solid line, LPA calculations. Experimental data: R¢6L—64. B. Collisions of dressed projectiles with metals

In this section we focus on projectile inelastic processes
due to the interaction with all the electrons of the metal. The

One particular magnitude to inspect is the ionization probparticipation of target ISE in these processes can take place
ability. In the past decades inner-shell ionization processeg two ways: frozen in the same state with their role re-
have received much attention as shown by the compilationstricted to screening the nuclear charge, or active when the
of Orlic and co-worker$54,55, Braziewicz and co-workers  target ISE are excited. This simultaneous excitation of pro-
[56,57, Paul and co-worker§58,59, and Lapicki[60]. A jectile and target electrons is the antiscreening effect, of
large variety of experimental data is tabulated and availablg,q|_known importance in collisions with gasg&7—75. In

in the literature and may be used for compari$6—66. a previous wor21] we have calculated projectile-electron

The LPA as presented here is specially suitable in theexcitation and loss by considering only the screening role of

calculation of inner-shell ionization cross sections. We “ahe target electrons. In the present contribution our aim is to
evaluate each shell separately and take into account the ga

(ionization energy, shell to shell. In this case we do know Bnsider solid antiscreening mechanisms by using the LPA.

that the final state of the target-electron satisfies the condiThls Is a field where the_ LPA can _become an important and
tion w> e, . We impose this condition on the LPA by inte- useful t.oollbecause a direct atomic palculatlon involves the

. nl- L . determination of several target atomic factors and the corre-
grating the contribution of each shell in E() from

7 . . : sponding sums. Instead, the LPA considers any final excited
=¢€,. The values of orbital energies are given by the hol
Hartree-Fock tableg24. sta_tr(; as a whole. o
; S . e energy moments for excitation processes of dressed

In Fig. 3 we test the model fd€-shell ionization of Al, Si, rojectiles read22]
and Cu by protons. Probabilities per unit length are obtained
as a product of the cross section times the atomic density of
the targetn,;. The comparison with the experimental results - * dq (av-Ae
is surprisingly good. We have also successfully tested the WF (|,f):7T—UZ MUFJO Fir(d, )
model forK-shell ionization of ISE of many other collisional
systems, not reported here.

In Fig. 4 we display LPA results foc-shell ionization of X1m
Si by protonsK-shell results are also plotted for comparison.
The L-shell ionization is at least two orders of magnitude
more important than th&-shell ionization, so thd_-shell
curve plotted in Fig. 4 is closed to the total ionization one.With Ae=€;—¢€; being the energy gained by the projectile
,qgain7 the agreement between theory and experiments @lectron excited from the initial statao the final Staté, and
good, though out.-shell curve runs below the experiments. Fif(d,») being the atomic form factor of the hydrogenic
The LPA ionization values are sensitive to the shell bindingProjectile considering unperturbed initial and final wave
energy considered. Any difference in this energy is mordunctions(first Born approximation
significant for thel. shell (small binding energythan for the For projectile-electron-loss processes, the final state is
K shell. characterized by =k, the electron momentum with respect

3. Inner-shell ionization
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FIG. 5. Electron excitation and loss probabilities per unit length
in He*(1s) + Al collisions. They are obtained by using the present ~ FIG. 6. Probabilities per unit length for Héls) inelastic tran-
LPA together with the first Born approximation for the projectile Sitions as a function of the energy gained by the target electron.
form factor. Partial ISE and FEG contributions are plotted sepa-

rately, and sum up to give total probabilities. whereP,sg andPggg are probabilities per unit length due to

to the ion. The moment¥V°sY(i k) require an additional the interaction with the ISE af‘d the FEG, respectwgly. For
J electron loss of Heé projectiles at impact velocityy

integration onk. In this case the energy gained by the pro-_g a.u., R=0.4, andR—0.5 for higher velocities. This

jectile 2e|ectron depends on the momentum of the electron a$,eans equipartition of the aluminum ISE and FEG contribu-
Ae=k“/l2—€. The projectile ionization form factor, ion For 20 and 2 excitation of He', P,sg are also com-

Fik(q,®), is calculated in first Born approximation in the paraple toPgc¢ as seen from Fig. 5. This brings us again to
usual way[76—81, with the loss electron described by the {he importance of the antiscreening effect. For gases it has

Coulomb wave function in the continuum of the projectile. peen found that target-electron excitatidantiscreening

We consider hydrogenic projectiles Heolliding with Al congributes significantly to projectile-electron excitation as
at intermediate to high velocities. The dynamical screening.ompared with screening mechanisfg—75. Therefore, it
of the ion by the FEG is taken into accoy8®]. The conse-  is not enough to consider the bound electrons of the target

quence of this screening is that the binding energies insidgioms as frozen observers: their dynamics plays an important
the solid are relaxed depending on the ion velocity. For inygle. The same role is found here for solids by using the
stance, there is no He(n=2) bound state fov<3 a.u. | pa.

[22,83. For very high impact velocity, the electrons of the
FEG cannot respond to the ion perturbation, and the binding
energies inside the solid tend to those of the isolated hydro- C. Dependence on the energy gained by target electrons
genic atom. i . .
Figure 5 displays the probabilities per unit length for We evaluatg probabilities per unit length as a function of
projectile-electron excitationsl—2p, 1s—2s, and for elec- :22 i’;er’rrgls/ %‘?:gﬁ]d bgntgre mitaelcetlrgctrﬁsl}/roe/dg),Sﬁg\jjvsplgzer
tron loss. The FEG and ISE contributions are plotted sepa- esp 9 gy spectra. Figure 9y
rately and summed up as total probabilities. The electronSPCtrain the Processes of projectile excitation or loss q.u_e to
loss process is the main inelastic transition, and the only ong1e mteracyon W'th the F:G gnd the ISE.' The probabilities
for v<3 a.u. Also important is the |2 excitation, which is ue to the interaction of ewﬂh the ajuminum FEG show
nearly one order of magnitude larger thas &«citation. a peak.atw:O..GS. a.u., which is th.e known plasmop peak
As can be observed in Fig. 5, the contribution of the ex_(gollectwg excitations of the FEGshifted due to the Q|sper-
citation of ISE to the processes studied is appreciable evenflon relation[22]. The energy absorbed by the ISE is not so

intermediate velocities. We define the ratio of probabilities a ocahze.d as that of the FEG due tp the spatial %ean.value
follows: done within the LPA. Note that the importance of Hexci-

tation 1s—2p is comparable to that of the electron loss, not
R=Pse/(Prect Pise), (6)  so the B—2s excitation.
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We have an important contribution to total LPA probabili- ionization by circumscribing the jump in energy gained by
ties from the BIER(.e., for Al, e,,=—4.5a.u.). It repre- the electrons to values greater than the shell binding energy.
sents (probably unphysical single-electron excitations or K-shell andL-shell ionization probabilities are calculated and
even collective modes of excitation of the bound shells, ifcompared with the experimental data showing a very good
any. The comparison with the experimental data realized foperformance. In this way the LPA stands as a very simple
stopping power or energy straggling in preceding, sectiongind reliable theoretical approximation to deal with inner-
leaves the possibility open. As we mentioned before, we dshell ionization of many-electron atoms by light ions, as far
include energies belonging to the BIER in these calculationsas total cross sections are concerned.

Anyway, the BIER contribution is lower for energy moments  We also present here the results of employing the LPA in

W, or W, than forW,,. dealing with the dynamics of inelastic processes of dressed
projectiles. Particularly we evaluate the simultaneous excita-
IV. CONCLUSIONS tion of projectile and target electrons. The inelastic processes

that take place in the target electrons represent the well-
In this contribution we deal with the role of the dynamics known antiscreening effect, usually referring to gases. Re-
of solid ISE in collisions with bare ions and hydrogenic pro- gyits show that projectile-electron-loss and excitation prob-
jectiles at intermediate to high velocities. We extend the dipjjities due to the collision with the ISE are comparable to
electric formalism employed to deal with the FEG, t0 ac-thpse coming from the interaction with the FEG. In the case
count for the ISE by using the LPA. This model describes theyf electron loss of Hé in Al, we obtain the equipartition of

ISE as a FEG of local dependent density. The electronighe FEG and ISE contributions at high velocities.
densities of each atomic shell are obtained from the corre-
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