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Dynamic screening of fast ions moving in solids
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The electron charge polarization induced by a fast ion moving on a solid medium is considered in a linear
response model. An inhomogeneous electron gas model is introduced to describe the contribution to this
dynamic screening by the bound target electrons. The action of the bound electrons is to increase the effective
number of electrons of the uniform electron gas that reproduces features of the induced potential. We find that
the value of the induced potential at the ion position is equivalent to that produced by a jellium of a given
density, smaller than that required for the jellium to reproduce the value of the induced electric field at the ion.
For the case of fast bare charges we find the precise value of jellium densities required to describe the
experimental values of the stopping power in several solid targets. For the case of hydrogenic Kr projectiles in
a Cu target, the mixing of itsn53 states by the induced potential is just that required to explain recent
measurements of radiative decay.@S0163-1829~98!05212-6#
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I. INTRODUCTION

A fast heavy ion moving in a solid target produces
charge polarization in the medium that acts back on the
as an induced potential.1 This, also called wake potentia
gives the reaction of the medium to the motion of the io
and through its gradient at the ion position defines the e
tric field that produces the slowing down of the projecti
The bound electron states on the ion are also mixed by
wake potential, producing a shift and splitting of the ener
of the levels.

The linear response approximation~LRA! considers the
action of the effective potential produced by the exter
chargeZ to first order of perturbation;2,3 this approximation
is justified for high projectile velocitiesv, such thatZ/v,1.
The slowing down of the projectile is just a local effect
the wake potential. When the electrons of the solid that g
rise to the wake potential can be assumed to be a uniform
of free particles, the retarding force given by the electric fi
acting onZ approaches the value, in the limitZvp /v!1:

Z•E0[Z•E~R5vt !.2 v̂•Z2vp
2 ln~2v2/vp!/v2 ~1!

for Zvp /v!1, where it is assumed that the ion follows
classical trajectory andvp is the plasma frequency of th
electrons. The assumption of free active electrons is a
tional to the LRA.

The characteristic length of variation of the wake pote
tial is given by l52pv/vp , so for hydrogenic projectile
bound states such that the orbital radius isn2/Z!v/vp , the
energy levels shift in the constant amount given by the lo
value of the potential atZ that for Zvp /v!1 goes to
570163-1829/98/57~15!/9329~7!/$15.00
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2F ind,0[2F ind~R5vt !.Zpvp /~2v !. ~2!

The mixing of hydrogenic orbitalsfn j l m can also be de-
scribed by the values of successive derivatives of the w
potential at the ion position. The Stark coupling forDl 51
is produced in the approximation of localized orbitals by t
electric fieldE0 ; quadrupolar couplingsDl 52 are given by
¹ r

2F ind(r5vt), and so on. For states with largen the Taylor
expansion ofF ind implicit in results 1,2 is no longer valid, so
the detailed form of the wake potential is required to get
dynamic mixing of states:

^fn j l mu2F ind~r !ufn8 j 8l 8m8&

'2^fn j l muF ind,01E0•r1 1
2 ¹ r

2F ind,0•r i r j

1¯ufn8 j 8l 8m8&. ~3!

Müller and Burgdo¨rfer4 have studied the energy shift o
hydrogenic levels beyond the assumption of localized or
als, by numerically solving the Schro¨dinger equation for the
eigenstates in the combined Coulomb plus wake potent
The upward shift of the binding energies and the level sp
ting of l states within a givenn manifold are followed as the
strength of the wake potential is increased~the collision ve-
locity decreased!, until each bound state merges into the co
tinuum. In the present work we will consider fast and hea
projectiles, so the wake potential is a weak perturbation
the bound projectile states remain well localized in a w
range of quantum numbersn,AZv/vp.

Due to the connection just sketched of ion stopping a
spectroscopy of bound levels with the induced poten
9329 © 1998 The American Physical Society
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9330 57FUHR, PONCE, GARCI´A DE ABAJO, AND ECHENIQUE
F ind(r ), a fast heavy charge moving in solid matter is
excellent probe to check current models of the dynamic
sponse of the electrons of the solid. There are a great num
of measurements of the stopping of fast ions in solids, wh
provide information on the induced electric field at the io
In recent years experiments have been performed that tes
action of the wake potential on bound states of
projectile.5–7 These measurements require projectiles w
high charges and velocities and thin solid targets, in orde
have long-lived bound hydrogenic states. They provide m
stringent tests on the wake potential, since the state mix
with shift and splitting of levels depends, in principle, on t
detailed form ofF ind(r ).

The wake potential describes the linear response of q
sifree electrons of the solid to the external particle. The c
tribution of bound target electrons depends on the type
external perturbation. To excite or even polarize these or
als, it is necessary to have an external probe capable of tr
ferring the amounts required of both energy and moment
Therefore, due to the small value of momentum carried
photons, the response to them as external excitations
come almost exclusively from the valence~quasifree! elec-
trons of the solid. The effective number of electrons respo
ing to charged particles will be greater than that for photo
using as projectiles with a given velocityv particles such as
electrons, protons, and heavy nuclei, the maximum mom
tum transfer is of the order of 2v. Therefore, bound targe
electrons with orbital velocitiesZT /n,v can be excited, and
the effective number of active electrons per target atom
be greater than the valence, quasifree electrons that give
to the collective volume plasmon excitation of frequen
vP . While the number of active target electrons varies w
the projectile velocity, in the linear response approximati
the dependence on the chargeZ of the projectile appears
only as a factorZ2 in the energy-loss cross section and sto
ping of the projectile.

The calculation of the response of the whole electro
system of the solid is a very difficult many-body problem
The usual approximation, of assuming that inner bou
states are frozen and only valence electrons react to the
ternal excitation, is not well justified for fast heavy proje
tiles.

The interaction of a fast ion with an atomic target can
described by the impulse approximation,8 valid when the
time of effective projectile-target electron interaction is sm
compared with the response time of the electron to the ta
binding force. In this context, the process is a binary co
sion of the chargeZ and a free electron with a momentu
distribution given by the initial bound orbital. The loca
plasma approximation~LPA! ~Refs. 9 and 10! assumes tha
the bound electrons react as free particles to the exte
perturbation, and that they may be described at each poin
space as a gas of free electrons with the density given by
initial target state to which they belonged. The LPA is th
the impulse approximation with the additional assumption
replacing the momentum distribution of the target electro
by that of a free-electron gas with the local density of t
target state.

Within the validity of the linear response model, applic
tions of LPA to the case of photoabsorption processes
duce results in excellent accord with experimental valu
-
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here it replaces the calculation of the oscillator strengths
the target, but there is no clear way to justify this appro
mation, even in this case where the linear response is str
valid.10 There are many applications of LPA to the ener
loss of fast charges in solids, started by the original propo
of the model by Lindhard and co-workers.9,11 Applications to
projectiles other than ions are presented by Tunget al.,12 in
the calculation of electron mean free paths and energy lo
in various solids. Other applications have gone beyond
assumptions of validity for the linear response descripti
such as estimations of contributions of orderZP

3 to
stopping.13 More recently, the LPA has been applied to ca
culate the contribution to the stopping by deep bound e
trons ~with velocitiesvb@v! ~Ref. 14!, which produces the
results obtained in close accord with measurements.
LPA has also been applied for the definition of the valen
states in radiative electron capture by channeled ions; h
the very complicated electron states of the crystal are
placed by either plane or Coulomb waves with a local d
sity, and the capture process is assumed to proceed from
plasma of free electrons found at each point of its traject
by the channeled ion.15

II. APPLICATIONS

A. Fast bare projectile charges

We will study the passage of a fast heavy charge thro
a solid with a velocity that is higher than the characteris
speed of the deepest bound electrons of the medium.
assume that the chargeZP moves along a classical straigh
line trajectory, traversing successive Wigner-Seitz cells
the solid with a uniform distribution of impact parameter
since it moves along a random crystalline direction.

Some targets of special experimental interest are thos
C, Al, Cu, Ag, and Au. For the case of Cu the electr
density provided by one valence electron for each atom
the solid corresponds tor s52.67 a.u., and gives a plasmo
frequencyvp50.397 a.u.~10.8 eV!. If the eleven 3d and 4s
electrons of the valence band are included in the density
the free electron modeling the band, we getvp51.31 a.u.
~35.7 eV!, andr s51.20 a.u. The measured plasma frequen
corresponds to 3.15 active electrons per target atom,16 point-
ing to a partial contribution of the 3d electrons to the collec-
tive response.

To incorporate the contribution of bound localized ele
trons to the target dynamic response we will employ
local plasma approximation. At each pointR the charge ex-
periences, according to LPA, a response by the target e
trons described by that of a free-electron gas of local den
n(R). Replacing the Wigner-Seitz cell by a sphere, the d
sity n(R) will depend only on the radial distanceR. The
average induced potential is given by

F̄ind~r !5
3

RWS
3 E

0

RWS
dR•R2F ind„r ,n~R!…, ~4!

wherer is the field coordinate relative to the ion andRWS the
Wigner-Seitz sphere radius;n(R) is the self-consistent elec
tronic density of each solid target considered.17 The free-
electron gas response is given by2
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TABLE I. Comparison of the effective number of electrons per target atom Neff
LPA(F), Neff

LPA(E) ~and
corresponding effective plasma frequencyvP,eff

LPA , in eV! obtained in the LPA, with the number of activ
electrons required by measurements of stopping~Ref. 21!. The plasma frequencyvP of each material is also
presented.

Target Be C Al Si Ti Ni Cu Ag

ZT 4 6 13 14 22 28 29 47
vP 19.9 25.0 15.3 17.0 17.6 19.5 19.1 25.0
vP,eff

LPA (F) 21.76 22.47 21.36 23.76 27.22 36.22 33.72 31.23
vP,eff

LPA (E) 24.97 29.05 29.95 27.85 36.45 52.22 50.86 52.50
Neff

LPA(F) 2.70 3.24 5.39 8.22 8.61 9.92 9.45 12.40
Neff

LPA(E) 3.67 5.44 10.82 11.29 17.08 21.73 22.26 34.20
Neff

Exp(E) 3.68 5.48 10.41 11.74 16.90 21.31 21.65 32.68
n-
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F ind~r !5ZPE dq

~2p!3 E dv

2p

8p2

q2 d~v2q•v!

3H 1

«~q,v!
21J exp~ iq•r2 ivt !. ~5!

The closed form random-phase approximation~RPA!
«(q,v) for the dielectric function of an electron gas of de
sity n will be used.18,19

Equations~4! and ~5! determine the induced potential i
the approximations of local response~LRA! and local
plasma~LPA!, strictly valid whenv@ZP ~LRA!, andv@ZT
~LPA!. Before carrying out a numerical calculation of the
expressions, it is instructive to obtain simple estimations
the induced potential and electric field at the ion positio
Eqs.~1! and~2! show that the dominant dependences on
densityn are

F ind~0!.ZPpvP /~2v !.ZPp3/2n1/2/v

and

¹ rF ind~0!. v̂ZPvP
2 ln~2v2/vP!/v2

5 v̂4pZPn ln~v2/Apn!/v2,

so in the LPA these are the estimations withn replaced by
the effective densities:

n1/25
3

RWS
3 E

0

RWS
dRR2n~R!1/2 ~6!

to get

F̄ind~0!.ZPp3/2n1/2/v ~7!

and

n̄5
3

RWS
3 E

0

RWS
dRR2n~R! ~8!

for

Ēind~0!.2 v̂4pZPn̄ ln~v2/Apn̄!/v2. ~9!

Sincen̄.(n1/2)2, the density that determines the elect
field is larger than the one corresponding to the induced
tential. This indicates thatthe effective number of target ele
f
;
e

o-

trons varies with the effect observed: it is larger (inner sh
target electrons more active) for the induced electric fie
than for the induced potential at the projectile.

The scale factorAn incorporated to the density depen
dence each time a derivation is performed onF ind just re-
flects then dependence of the characteristic wavelength
the induced potential in the LRA:l.2pv/vp5Ap/nv.
This An factor added on successive terms of the multip
expansion ofF ind produces a systematic enhancement of
weight of high-electron-density regions as we consid
higher multipole terms.

Physically, this means that projectile trajectories that p
etrate deep into the inner shells of the target produce a la
relative contribution to define the mean electric field than
define the induced potential. Therefore, the density of
uniform electron gas the dynamic response of which rep
duces the induced electric field acting on the ion is lar
than the density required to reproduce the induced poten

We will apply in the first place the LPA to calculate th
effective induced potential and electric field acting on a f
bare charge moving in a solid medium, such thatZT ,ZP<v.
This approach has been used in the past to obtain the s
ping power of solids.9,20 We present in Table I the LPA
effective number of electronsNeff

LPA(F), Neff
LPA(E) contrib-

uted by each target atom in order to build up the poten
F ind(0) and electric fieldEind(0) at the ion, respectively. We
compare our results with the valueNeff

Exp(E) obtained from
Eq. ~4! for Ēind(0)52¹ rF̄ind(0), andrequired to reproduce
the measurements of stopping of Gauvinet al. for O ions
with v.33 a.u. in several solid targets;21 at this velocity the
projectile equilibrium charge state is that of the bare nucle

As we see, the induced potential and electric field p
duced by a fast projectile correspond to higher jellium de
sity and plasma frequency than those of the jellium that gi
the plasmon excitation for each material, this last obtain
through the characteristic energy loss of electrons in tra
mission experiments or deduced from optical data. This
dicates that inner electrons do in effect play a relevant role
the stopping of a fast charge. The agreement with the num
of active electrons per atom extracted from experimental
sults is extremely good; it starts to degrade for targets w
ZT>v, and this can be attributed to the failure of appro
mating inner shell electrons by an inhomogeneous gas of
electrons when their orbital speed is not small compared w
the ion velocity. The absence of a threshold energy for
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9332 57FUHR, PONCE, GARCI´A DE ABAJO, AND ECHENIQUE
elastic transitions in the case of free electrons makes t
easier to excite than those in tightly bound orbitals, wh
explains the tendency ofNeff

LPA(E) to be larger thanNeff
Exp(E)

for heavy targets.

B. Dynamic screening on projectile bound states

We now consider the effects of the dynamical respons
the target electrons on the bound electron states of a c
posite projectile; due to its simplicity, and to the existence
measurements, we analyze the case of hydrogenic ions
will study a heavy ion moving along a random crystalli
direction with velocity higher than the characteristic speed
the deepest bound electrons of the medium, and compare
results with experiments performed with hydrogenic
moving withv536 a.u. in C, Al, and Cu targets.6,7 We con-
sider the mixing of the projectile bound orbitals due to t
action of the induced potential generated by the projec
nucleusZP ; sinceZP@1 we will neglect the induced poten
tial coming from the bound electron. Accounting for spi
orbit coupling, the degeneracy of each hydrogenic level fo
given principal quantum numbern and total angular momen
tum j is reduced to the allowed sets of orbitall and total
angular momentum projectionmj . The shift and splitting of
the levels is obtained through the diagonalization of the c
pling matrix ^f [ i ] uF̄ induf [ j ]&, where@ i #5ni j i l imi .

The states mixed by the induced potential are those
energy splitting of which is smaller than or of the order
the couplinĝ f [ i ] uF̄ induf [ j ]&, and this in turn is of the orde
of the electric field (ZPvP /v)2 for nondiagonal terms. The
spin-orbit splitting is

DEn, j
S2O5En, j2En, j 2152ZP

4 /@2c2n3~ j 22 1
4 !#. ~10!

Therefore, forn,(ZPv/cvP)2/3 the induced potential will
only mix fine structure orbitals with the same value of to

angular momentumj :fn, j ,l ,m with l 5 j 6 1
2 . For the case of

v536 a.u. Kr projectiles this corresponds ton,5.
The degeneracy of the pair ofl 5 j 6 1

2 states is already
broken by the Lamb shift:22

DEn j l
Lamb5En j l 2En j l 21'

1

c
lnS c

ZP
DDEn, j

S2O ~11!

so there is a range of induced potential strengths

1

c
lnS c

ZP
DDEn, j

S2O,~ZPvP /v !2,DEn, j
S2O , ~12!

too weak to overcome the fine-structure splitting, but stro

enough to mix states (n j l 5 j 6 1
2 ).

Before performing the detailed diagonalization of the co
pling matrix, we will analyze the effect of the induced p
tential on the shift of levels~diagonal terms! and their mix-
ing ~nondiagonal terms!. We said before that 2pv/vP is a
first estimation of its length scale of variation along the p
jectile trajectory,23 but at the high velocities we are interest
in the behavior of the induced potential close to the ion
markedly anysotropic. Figures 1~a! and 1~b! represent its
contour lines forv54 and 35 a.u.
m
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Figure 1~a! shows clearly the Cerenkov-like cone regio
where the target electron perturbation by the passage of
ion is concentrated. This cone in Fig. 1~b! shrinks to an
aperture of the order ofvF /v.0.03 radians for typical met-
als. We also see thatF ind grows linearly approachingZP
from behind, reaching a small negative value and then
maining small while going to zero ahead of the projecti
Translating this to electric-field values,v̂•Eind(z) remains
close to a constant behind the ion, and drops rapidly to z
ahead of it. Furthermore, the location of the bulk of targ
polarization in the Cerenkov cone produces a stronger d
of induced potential in the direction normal to the trajecto
than along it, as already noticed before.23,19

Taking into account the above-mentioned consideratio
we make a first estimate of the energy shift and dipole c
pling between some of the bound hydrogenic states onZP ,
assuming them to be so localized that the matrix eleme

Mnl m
nl 8m85^f [ i ] uF̄ induf [ j ]& are described by the first nonzer

contributions of the Taylor expansion~3! of F̄ ind . Since di-
agonal terms become independent of the statef considered,
there is an upward shift of the energy levels given by

DEL5F̄ ind~0! ~13!

while nondiagonal terms withDl 51 have a linear Stark
form

Mnl m
nl 8m8

L5Eind~0!•^fn jlmur ufn j l 8m& ~14!

in the n j l m basis.
The fine-structure statesfn, j ,l ,m are a linear combination

of the hydrogenic orbitals with well-defined orbital mome

tum l : xnl ms
with l 5 j 6 1

2 . The coupling matrix can then

be presented in the (nl m) basis:Mnl m
nl 8m8, the transformation

to the (n j l m) basis being straightforward.

FIG. 1. Contour lines for the induced potential set up by a f
bare charge in a jellium withr s51.27 a.u., calculated for velocitie
~a! v54 and~b! v536 a.u.
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We have performed a calculation for the coupling mat
using the full form ofF̄ind(r ), given by Eqs.~4! and~5!. We
proceed first to check the validity of the approximation
Eqs.~13! and~14!, that predict a shift in the block of energ
levels and dipole couplings, as those produced by an ho
geneous electric field. Table II compares diagonalMn00

n00 and
dipole Mn00

n10 matrix elements with the predictions@Eqs.~13!
and ~14!# of the approximation by localized orbitals.

We see that the mean value of the induced potentia
quite well reproduced by the assumption of localized orb
als. Figure 2 shows the reason for this: even though the c
tour lines of F̄ ind(r ) show a marked anisotropy, they a

TABLE II. Diagonal ~S states! and dipole (S→P) matrix ele-
ments of the induced potential for a hydrogenic Kr atom mov
with v536 a.u. in a jellium gas with density corresponding
r s52 a.u. The first row for each quantum numbern corresponds to
the full calculation, the second to the approximation of localiz
orbitals; notice that the diagonal matrix element ofF̄ ind in the ap-
proximation of localized orbitals is independent of the staten.

n ^n00uF̄ indun00& ^n00uF̄ indun10&

2 0.98861 0.0060757
0.98940 0.0076830

3 0.98709 0.013171
0.018662

4 0.98544 0.021618
0.034089

5 0.98341 0.030620
0.053745

6 0.98014 0.039185
0.078131

7 0.99121 0.042305
0.106750

FIG. 2. Contour lines of the induced potential close to the p
jectile, compared with the extension of bound hydrogenic sta
represented by the mean orbital radiusA^fnl mur 2ufnl m&. Contour
lines are drawn at 0.003 intervals, and the value of that passin
the projectile is 0.054.
,

o-

is
-
n-

mounted on a large mean value of this potential. On the o
hand, for the dipole elements that depend on the gradien
the potential, the approximation of localized orbitals giv
wrong values even for the (200)→(210) coupling. The an-
isotropy of F̄ind(r ) points to a strong spatial dependence
the induced electric field, responsible for the growing dep
ture with n of this approximation from the correct values
seen in Table II.

We show in Figs. 3~a!–~c! the coupling produced by the
induced potential for states with the samen (1<n<5), and
l 50,1,2,3. The targets are C, Al, and Cu.

What we get from these results is a clear confirmati
and generalization, of what we found before for bare char
about the dependence of the number of effective target e
trons that participate in producing different features of t
induced potential. We already noticed in Table I th
Neff

LPA(F) is smaller thanN eff
LPA(E), this indicating that small

impact parameter projectile-target ion collisions particip
with a higher weight in determining the induced electric fie
than the induced potential. Now we see that the coupl
between orbitals withDl 52 that depends basically on th

-
s

at

FIG. 3. Intrashell coupling elements for hydrogenic orbitals o
Kr nucleus, moving withv536 a.u. in~a! carbon,~b! aluminum,
and ~c! copper solid targets. The coupling is expressed in terms
the density of the jellium target that would produce the same va
for the matrix element. The density is expressed as both the e
tronic volume radiusr s and the plasma frequencyvP of the jellium.
Only orbitals with n<5 and l <3, and coupling elements with
Dl <2 have been considered.
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second derivatives]2F ind /]xixj corresponds to a large
number of active electrons, pointing to a greater domina
of close collisions in producing these types of intrashell c
pling ~and transitions!. The effective jellium density that de
scribes the induced potential at the ion position has b
found to be smaller than the density of the jellium that
produces the induced electric field at the ion, and this in t
is smaller than that required to generate the quadrupole
pling ]2F ind /]r i r j between bound states at the ion. A pictu
of this varying efficiency of target electrons in setting
different features of the dynamic screening is shown in F
4; it presents induced potentials along the direction of
motion, they correspond to the LPA calculation resulti
from the average of electron density along the ion trajec
ries @Eq. ~4!#, and to three jelliums with densities that repr
duce each one of them either the induced potential, or its
or its second derivatives at the ion position.

As a final result of this section we have diagonalized
coupling matrix^cn, j ,l ,muF̄ inducn, j 8,l 8,m8& in the n j l m ba-
sis to obtain the splitting of levels produced by the dynam
screening on a Kr hydrogenic ion moving withv536 a.u. in
Cu. In Fig. 5 we present the first excited levels with sp
orbit and Lamb splitting, and the mixing by the induced p
tential.

III. COMPARISON WITH EXPERIMENTAL RESULTS

The experiments of Rozetet al.,5 Nicolai et al.,6 and De-
spiney and co-workers7,24 send fast bare Kr ions on thin soli
foils of C, Al, and Cu. The probability of capturing an ele
tron in some excited bound hydrogenic state is small, of
order of 0.1. The one-electron ions formed decay to
ground level emitting radiation. The intensity of the x ra
indicates the population of the states participating in the c
cade. Apart from the feeding of each state through the e
tron capture and radiative channels, there are collisiona
trashell~and intershell! transitions, that play a non-negligibl
role in a description of the x-ray intensity. Experimental r
sults of the relative intensity of Lymana, b, g, andd rays
emitted and measured as a function of the target thickn

FIG. 4. Induced potential along the velocity direction per u
charge of a projectile with velocityv536 a.u. in a Cu target. Ful
line: calculated with LPA. Dashed line: for jellium with three de
sities that correspond to the effective number of active electr
that give the sameF ind , Eind , and]2F ind /]z2 as LPA at the ion
position.
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can be interpreted, for each solid target, in terms of a se
intrashell and intershell collisional mixing, and radiative d
excitation cascades. Even though intershell collisional tr
sitions are not well known, there is a set of proposed val
for these cross sections that produce a close agreement
the measured Lyman intensities.

On the other hand, for the case of Cu targets Balmea
line intensities depend on the population ofn53 states. A
model ~collisional model25! follows the evolution of these
populations, incorporating electron capture and loss by
projectile, collisional mixing and radiative transitions, but
is not able to reproduce the experimental intensities of th
x rays. As the levels (3s1/2,3p1/2) and (3p3/2,3d3/2) are co-
herently mixed by the wake potencial, their amplitudes
not evolve as those of independent states; instead a patte
destructive and constructive interferences appears in
population of each state. This beating is observed as osc
tions in the intensity of the measured x rays as a function
the target foil. The value of the coupling produced by t
induced potencial@see Fig. 4~c!# is the one required to repro
duce the measured target thickness dependence of the i
sity and wavelength of these oscillations, once a correctio
introduced to the phases of the capture amplitudes to
n53 states, calculated in the continuum distorted wave
proximation.

To reproduce the measurements of Despiney,7 the cou-
pling by the induced potential of 3s1/2 and 2p3/2 states
should correspond to an electric field produced by a jelli
of r s50.99 a.u. (vP548 eV). If we look in Fig. 3~c! at the
matrix element between the hydrogenic (n,l ,m) orbitals

t

s

FIG. 5. Energy levels for a hydrogenic Kr ion, including fin
structure and Lamb shifts, and state mixing by the induced poten
set up by the ion moving withv536 a.u. in a Cu target describe
by the LPA approximation. Bold data: isolated Kr351 levels. Stan-
dard data: Shifted energy levels~energy in eV!.
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(3,0,0)↔(3,1,0), we get a coupling of these orbitals corr
sponding to an effective density withr s51.01 a.u.
(vP546.4 eV), in excellent accord with the required valu
This effective electron density is close to but smaller than
one obtained by us for the local value of the electric field
the nucleus,r s50.95 a.u. (vP550.86 eV); the difference
comes from contributions to the matrix elementM300

310 of
higher-order terms of the Taylor expansion ofF ind , Eq. ~3!.

By looking at the case of Al targets, Fig. 3~b!, we see that
there is also a contribution from inner shell Al electrons
the effective electron density producing the Stark-like co
pling of projectile bound states. In the specific case
(3,0,0)↔(3,1,0) mixing, this gives r s

eff51.42
(vp527.8 eV), while the usual free-electron model for
considersr s52.07 (vp515.82 eV). Therefore, the intens
ties of the x-ray lines originating in the 3s1/2 and 2p3/2 states
of Kr projectiles in Al are also affected by the dynamic r
sponse of inner (1s,2s,2p) target electrons.

In the case of C targets, as we see in Fig. 3~a! the re-
sponse of inner shell electrons to the Kr projectile is le
important. In fact, four electrons of C are usually incorp
rated into the free-electron model of the solid~r s51.53 for
graphite!; this leaves only two 1s electrons in passive froze
states. To reproduce the experimental results for the Bal
lines it is necessary to take into account, as for the Cu tar
the wake mixing of (3s1/2,3p1/2) and (3p3/2,3d3/2) levels.
The intensities of these couplings given in Fig. 4~a!, are the
ones that, together with the collisional model and phase
rection of the CDW capture amplitudes, produce a clo

agreement with measurements of Despiney.7,24
.
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IV. CONCLUSIONS

In summary, we have used the local plasma approxim
tion ~LPA! to describe inner and valence electrons of a so
by a jellium model with space-dependent density. We ha
calculated the dynamic screening of fast heavy ions by
target electrons in the linear response approximation.
find that the effective number of electrons per target at
interacting with the ion depends strongly on the effect o
served: the self-energy of the ion as a fast bare charge, g
by the induced potential at the ion position, corresponds
number of active electrons that is smaller than that produc
the slowing force at the ion, given by the induced elect
field. In the case of a localized hydrogenic ion as project
the induced potential at the nucleusF~0! represents the en
ergy shift of the bound state, the electric field gives the
pole transitions produced by the dynamic screening, and
ond derivatives of the potential cause quadrup
transitions. In this approximation we find the sequen
of increasing number of active electrons:Neff

LPA(F)
,Neff

LPA(¹F)Neff
LPA(¹2F). A full calculation of the coupling

terms shows that the approximation of localized orbitals fa
even for tightly bound states. Nevertheless, the multip
matrix elements again show the sequence of increasing n
ber of active electrons:Neff

LPA(Dl 50),Neff
LPA(Dl 51)

,Neff
LPA(Dl 52), as shown in Fig. 3.
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