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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 itsi=3 states by the induced potential is just that required to explain recent
measurements of radiative decf$0163-182¢98)05212-4

I. INTRODUCTION — D=~ Pipo( R=V1)=Z 7w, /(2v). 2
A fast heavy ion moving in a solid target produces a The mixing of hydrogenic orbitalg;, can also be de-
charge polarization in the medium that acts back on the ioscribed by the values of successive derivatives of the wake

as an induced potentialThis, also called wake potential, potential at the ion position. The Stark coupling for'=1
gives the reaction of the medium to the motion of the ion,is produced in the approximation of localized orbitals by the
and through its gradient at the ion position defines the elecelectric fieldE,; quadrupolar couplingd /=2 are given by
tric field that produces the slowing down of the projectile. V2, ,(r=vt), and so on. For states with largethe Taylor
The bound electron states on the ion are also mixed by thgxpansion ofb;,q implicit in results 1,2 is no longer valid, so
wake potential, producing a shift and splitting of the energythe detailed form of the wake potential is required to get the

of the levels. dynamic mixing of states:
The linear response approximatiobRA) considers the

action of the effective potential produced by the external (¢ = Pind(r)|bnrjr/1m)
chargeZ to first order of perturbatiof? this approximation
is justified for high projectile velocities, such thaZ/v<1.
The slowing down of the projectile is just a local effect of
the wake potential. When the electrons of the solid that give | bnrjrsrme)- (©)]
rise to the wake potential can be assumed to be a uniform gas
of free particles, the retarding force given by the electric field Mdller and Burgdofer4 have studied the energy shift of
acting onZ approaches the value, in the linfiw, /v <1: hydrogenic levels beyond the assumption of localized orbit-
als, by numerically solving the Schiimger equation for the
Z-E,=Z- E(szt)z_{,.szg In(202/wp)/v2 (1) eigenstates in the combined Coulomb plus wake potentials.
The upward shift of the binding energies and the level split-
for Zw,/v<1, where it is assumed that the ion follows a ting of | states within a givem manifold are followed as the
classical trajectory ana, is the plasma frequency of the strength of the wake potential is increagéae collision ve-
electrons. The assumption of free active electrons is addiocity decreasex until each bound state merges into the con-
tional to the LRA. tinuum. In the present work we will consider fast and heavy
The characteristic length of variation of the wake poten-projectiles, so the wake potential is a weak perturbation and
tial is given by A=2mv/w,, so for hydrogenic projectile the bound projectile states remain well localized in a wide
bound states such that the orbital radiusﬁsz<v/wp, the  range of quantum numbers<yZv/w,.
energy levels shift in the constant amount given by the local Due to the connection just sketched of ion stopping and
value of the potential aZ that for Zw,/v<1 goes to spectroscopy of bound levels with the induced potential
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®;,(r), a fast heavy charge moving in solid matter is anhere it replaces the calculation of the oscillator strengths of

excellent probe to check current models of the dynamic rethe target, but there is no clear way to justify this approxi-
sponse of the electrons of the solid. There are a great numbg#ation, even in this case where the linear response is strictly
of measurements of the stopping of fast ions in solids, whictyalid."~ There are many applications of LPA to the energy
provide information on the induced electric field at the ion. /0SS of fast charges in solids, started by tlhe original proposal
In recent years experiments have been performed that test t& the model by Lindhard and co-workets: Appl|catlo?zs_to
action of the wake potential on bound states of theProjectiles other than ions are presented by Tangl,™ in
projectile’~” These measurements require projectiles withf[he cqlculauon of electron mean _free paths and energy losses
high charges and velocities and thin solid targets, in order t§ Various solids. Other applications have gone beyond the
have long-lived bound hydrogenic states. They provide mor@SSumptions of validity for the linear response description,
stringent tests on the wake potential, since the state mixin§4ch _as_estimations of contributions of ordg‘ﬂﬁ to
with shift and splitting of levels depends, in principle, on the Stopping.” More recently, the LPA has been applied to cal-
detailed form of®;q(r). culate the COﬂtI’I.b.utIOI’I to the stopping b.y deep bound elec-
The wake potential describes the linear response of qudtons (with velocitiesv,>v) (Ref. 14, which produces the
sifree electrons of the solid to the external particle. The conf€sults obtained in close accord with measurements. The
tribution of bound target electrons depends on the type okPA has also been applied for the definition of the valence
external perturbation. To excite or even polarize these orbitStates in radiative electron capture by channeled ions; here
als, it is necessary to have an external probe capable of trandle very complicated electron states of the crystal are re-
ferring the amounts required of both energy and momentun?laced by either plane or Coulomb waves with a local den-
Therefore, due to the small value of momentum carried bygity. and the capture process is assumed to proceed from the
photons, the response to them as external excitations wilasma of free electrons found at each point of its trajectory
come almost exclusively from the valentguasifreg elec- DY the channeled iof?
trons of the solid. The effective number of electrons respond-

ing to charged particles will be greater than that for photons: Il. APPLICATIONS
using as projectiles with a given velocityparticles such as o
electrons, protons, and heavy nuclei, the maximum momen- A. Fast bare projectile charges

tum transfer is of the order ofi2 Therefore, bound target e will study the passage of a fast heavy charge through
electrons with orbital velocitie&r /n<v can be excited, and g solid with a velocity that is higher than the characteristic
the effective number of active electrons per target atom willspeed of the deepest bound electrons of the medium. We
be greater than the valence, quasifree electrons that give riggsume that the chargg moves along a classical straight
to the collective volume plasmon excitation of frequencyjine trajectory, traversing successive Wigner-Seitz cells of
wp . While the number of active target electrons varies withthe solid with a uniform distribution of impact parameters,
the projectile velocity, in the linear response approximationgince it moves along a random crystalline direction.
the dependence on the chargeof the projectile appears  Some targets of special experimental interest are those of
only as a factoZ? in the energy-loss cross section and stop-C, Al, Cu, Ag, and Au. For the case of Cu the electron
ping of the projectile. _density provided by one valence electron for each atom in
The calculation of the response of the whole electronlqhe solid Corresponds tDS: 2.67 a.u., and gives a p|asmon
system of the solid is a very difficult many-body problem. frequencyw,=0.397 a.u(10.8 eV}. If the eleven & and 4
The usual approximation, of assuming that inner bouncjectrons of the valence band are included in the density of
states are frozen and only valence electrons react to the eie free electron modeling the band, we ggi=1.31 a.u.
ternal excitation, is not well justified for fast heavy projec- (35.7 e\}, andr,=1.20 a.u. The measured plasma frequency
tiles. corresponds to 3.15 active electrons per target afquojnt-

The interaction of a fast ion with an atomic target can bejng to a partial contribution of thedelectrons to the collec-
described by the impulse approximatmalid when the e response.

time of effective projectile-target electron interaction is small T jncorporate the contribution of bound localized elec-
compared with the response time of the electron to the targefgons to the target dynamic response we will employ the
b_inding force. In this context, the process is a binary colli-|gcal plasma approximation. At each poRtthe charge ex-
sion of the charg& and a free electron with a momentum periences, according to LPA, a response by the target elec-
distribution given by the initial bound orbital. The local trons described by that of a free-electron gas of local density
plasma approximatiofLPA) (Refs. 9 and 1Dassumes that n(R). Replacing the Wigner-Seitz cell by a sphere, the den-

the bound electrons react as free particles to the externajt, n(R) will depend only on the radial distand®. The
perturbation, and that they may be described at each point gferage induced potential is given by

space as a gas of free electrons with the density given by the
initial target state to which they belonged. The LPA is then

i S . .. . — 3 Rws
the impulse approximation with the additional assumption of Dipg(1) = =5 f dR-R2®, (r,n(R)), (4)
replacing the momentum distribution of the target electrons Rws Jo
by that of a free-electron gas with the local density of the
target state. wherer is the field coordinate relative to the ion aRg,s the

Within the validity of the linear response model, applica- Wigner-Seitz sphere radiug{R) is the self-consistent elec-
tions of LPA to the case of photoabsorption processes praronic density of each solid target considetédrhe free-
duce results in excellent accord with experimental valueselectron gas response is giver’by
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TABLE |I. Comparison of the effective number of electrons per target atdfi'(R), Nsf*(E) (and

corresponding effective plasma frequemb’?ﬁﬁ, in eV) obtained in the LPA, with the number of active

electrons required by measurements of stoppitef. 21). The plasma frequenayp of each material is also

presented.
Target Be C Al Si Ti Ni Cu Ag
Zt 4 6 13 14 22 28 29 47
wp 19.9 25.0 15.3 17.0 17.6 19.5 19.1 25.0
wp D) 21.76 22.47 21.36 23.76 27.22 36.22 33.72 31.23
wp aiE) 24.97 29.05 29.95 27.85 36.45 52.22 50.86 52.50
NLEA(D) 2.70 3.24 5.39 8.22 8.61 9.92 9.45 12.40
NLEAE) 3.67 5.44 10.82 11.29 17.08 21.73 22.26 34.20
NEP(E) 3.68 5.48 10.41 11.74 16.90 21.31 21.65 32.68
dq dw 872 trons varies with the effect observed: it is larger (inner shell
Ding(r)=2Zp (2m)? f 5?5(0)—Q'V) target electrons more active) for the induced electric field
than for the induced potential at the projectile.
x{ —1]exp(iq-r—iwt) ®) The scale _factor\/ﬁ i_nco_rpor_ated to the densi_ty depen-
e(g,w) ' dence each time a derivation is performed®p, just re-

The closed form random-phase approximatiRPA)

flects then dependence of the characteristic wavelength of
the induced potential in the LRAN=2mv/w,=+m/nv.

e(q,w) for the dielectric function of an electron gas of den- 1hjs |/ factor added on successive terms of the multipole

sity n will be used*®°

expansion ofb,,4 produces a systematic enhancement of the

Equations(4) and (5) determine the induced potential in \eight of high-electron-density regions as we consider

the approximations of local respongéRA) and local
plasma(LPA), strictly valid whenv>Z, (LRA), andv>Z5

higher multipole terms.
Physically, this means that projectile trajectories that pen-

(LPA). Before carrying out a numerical calculation of thesegrate deep into the inner shells of the target produce a larger
expressions, it is instructive to obtain simple estimations ofe|ative contribution to define the mean electric field than to

the induced potential and electrlc_ field at the ion position;yefine the induced potential. Therefore, the density of the
Egs.(1) and(2) show that the dominant dependences on thg,niform electron gas the dynamic response of which repro-

densityn are
G g(0)=Zpmrwp!(2v)=Zpm Ny
and
V, ®ind(0)=0Zpw?3 In(20% wp)/v?
=p4mZpn In(v¥Jmn)lv?,

so in the LPA these are the estimations withreplaced by
the effective densities:

— 3 R
”UZZTJ "dRRN(R)Y2 ®
Rivs Jo
to get
Pind(0)=Zp 7y -
and
_ 3 R
:TJ "dRRA(R) )
Rws Jo
for
Eind(0)=—04nZpn In(v?/n)/v2, ©)

duces the induced electric field acting on the ion is larger
than the density required to reproduce the induced potential.
We will apply in the first place the LPA to calculate the
effective induced potential and electric field acting on a fast
bare charge moving in a solid medium, such BaiZp<v.
This approach has been used in the past to obtain the stop-
ping power of solids:?® We present in Table | the LPA
effective number of electronBl5E (@), NLFA(E) contrib-
uted by each target atom in order to build up the potential
®,,4(0) and electric field;,4(0) at the ion, respectively. We
compare our results with the vaILNaEf?p(E) obtained from
Eq. (4) for E;q(0)=—V,®;,4(0), andrequired to reproduce
the measurements of stopping of Gauenal. for O ions
with v=33 a.u. in several solid targetsat this velocity the
projectile equilibrium charge state is that of the bare nucleus.
As we see, the induced potential and electric field pro-
duced by a fast projectile correspond to higher jellium den-
sity and plasma frequency than those of the jellium that gives
the plasmon excitation for each material, this last obtained
through the characteristic energy loss of electrons in trans-
mission experiments or deduced from optical data. This in-
dicates that inner electrons do in effect play a relevant role in
the stopping of a fast charge. The agreement with the number
of active electrons per atom extracted from experimental re-
sults is extremely good; it starts to degrade for targets with
Zy=v, and this can be attributed to the failure of approxi-

Sincen> (n_l’_z)z, the density that determines the electric mating inner shell electrons by an inhomogeneous gas of free
field is larger than the one corresponding to the induced poelectrons when their orbital speed is not small compared with
tential. This indicates thdhe effective number of target elec- the ion velocity. The absence of a threshold energy for in-
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elastic transitions in the case of free electrons makes ther )
easier to excite than those in tightly bound orbitals, which
explains the tendency M5;"(E) to be larger thal5(E)

for heavy targets.

B. Dynamic screening on projectile bound states

We now consider the effects of the dynamical response o
the target electrons on the bound electron states of a con
posite projectile; due to its simplicity, and to the existence of
measurements, we analyze the case of hydrogenic ions. W
will study a heavy ion moving along a random crystalline b)
direction with velocity higher than the characteristic speed of
the deepest bound electrons of the medium, and compare 0z 20
results with experiments performed with hydrogenic Kr <&
moving withv =36 a.u. in C, Al, and Cu targes.We con-
sider the mixing of the projectile bound orbitals due to the 20

-40 -30 -20
z (a.u.)

40F

action of the induced potential generated by the projectile  _zq} A b

nucleusZp ; sinceZp>1 we will neglect the induced poten- -200 -150 -100 -50 0

tial coming from the bound electron. Accounting for spin- z (a.u.)

orbit coupling, the degeneracy of each hydrogenic level for a

given principal quantum numberand total angular momen- FIG. 1. Contour lines for the induced potential set up by a fast

tum j is reduced to the allowed sets of orbitdland total  bare charge in a jellium with;=1.27 a.u., calculated for velocities

angular momentum projectiam; . The shift and splitting of (&) v=4 and(b) v=36 a.u.

the levels is obtained through the diagonalization of the cou-

pling matrix { ¢pij| Pindl ¢p;1), Where[i]=n;j;/im;. Figure Xa) shows clearly the Cerenkov—like cone region
The states mixed by the induced potential are those thwhere the target electron perturbation by the passage of the

energy splitting of which is smaller than or of the order of ion is concentrated. This cone in Fig(bl shrinks to an

the coupling( ;| ®indl ¢j1), and this in turn is of the order aperture of the order afr /v=0.03 radians for typical met-

of the electric field Zpwp/v)? for nondiagonal terms. The &S- We also see thabi,y grows linearly approachingp
spin-orbit splitting is from behind, reaching a small negative value and then re-

maining small while going to zero ahead of the projectile.
S-0_p 4 2.3,:2 1 Translating this to electric-field values, Ej,4(z) remains
ARy "=Enj=Enj1=—Zpl[2¢0°( 7 2)]. (10) close to a constant behind the ion, and drops rapidly to zero
23 e ... ahead of it. Furthermore, the location of the bulk of target
ITheref]?re, f‘:mi(ZPv/%‘.‘t’Pl) t?ﬁ t'EdUCEd potelntlal 1thlllt IpoIarization in the Cerenkov cone produces a stronger drop
only mix fin€ s ruc_ure orbl a_s Wi o elsame value ot 1otal ot induced potential in the direction normal to the trajectory
angular momentum: ¢y, ; ,m With /= = 3. For the case of  than along it, as already noticed beféié?

v =236 a.u. Kr projectiles this correspondsrisc5. Taking into account the above-mentioned considerations,
The degeneracy of the pair of=j =3 states is already we make a first estimate of the energy shift and dipole cou-
broken by the Lamb shift? pling between some of the bound hydrogenic stateZon

assuming them to be so localized that the matrix elements

1 c /"’ . . .
AEh?;nb: Enj/—Enj/—1~ ~ |n(Z_>AE§Eo (11) MR = (bpig| Pinl ;) are described by the first nonzero
¢ P contributions of the Taylor expansidB) of ®;,4. Since di-
agonal terms become independent of the sfat®nsidered,

so there is a range of induced potential strengths there is an upward shift of the energy levels given by

1 c —
o Z—P)AE§J°<<zpwp/v>2<AE§,j°, (12 AE = Pipg(0) (13

) " while nondiagonal terms witlA/'=1 have a linear Stark
too weak to overcome the fine-structure splitting, but strongqrm
enough to mix statesn/'=j +3).

Before performing the detailed diagonalization of the cou- n/'m' _E- Q). el 14
pling matrix, we will analyze the effect of the induced po- vm 1= Eina(0)- {Sojimrl i m) 14
tential on the shift of level¢diagonal termgand their mix-  in thenj/m basis.
ing (nondiagonal terms We said before that 2v/wp is a The fine-structure states, ; , m are a linear combination
first estimation of its length scale of variation along the pro-of the hydrogenic orbitals with well-defined orbital momen-

jectile trajectory?® but at the high velocities we are interested tum /- with Z/=i+1 The coupling matrix can then
in the behavior of the induced potential close to the ion is + Xn/mg 1=z — p g
nzZ'm

markedly anysotropic. Figures(@ and Xb) represent its be presented in thean¢’m) basis:M )" , the transformation
contour lines forv=4 and 35 a.u. to the (nj/'m) basis being straightforward.
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TABLE Il. Diagonal (S state$ and dipole &— P) matrix ele-

1.6 — : : :
ments of the induced potential for a hydrogenic Kr atom moving i a)
with =36 a.u. in a jellium gas with density corresponding to *7] 3o T r—— o= ey ~
rs=2 a.u. The first row for each quantum numipecorresponds to 150 PO C 1 A=
the full calculation, the second to the approximation of localized ““":’;_w DRSS
orbitals; notice that the diagonal matrix elementdaf, in the ap- 14 P L Al=1
proximation of localized orbitals is independent of the state Tlorzop e M
-a--0 20 iea—se-=z
— — 130 - P RS S RN I}
n (n00 @ ;o |n00) (n00 @ ;oI 10) RS .
2 3 4 5
2 0.98861 0.0060757 n
0.98940 0.0076830 18
3 0.98709 0.013171 b 1 ~ 1 b
0.018662 B A ok I
4 0.98544 0.021618 _ 16} s Al 1
0.034089 S v22
5 0.98341 0.030620 ’ ceorol §§
0.053745 taf oofoidh -G ]
6 0.98014 0.039185 sk el gt
- c4-- 131
0.078131 > 3 4 s
7 0.99121 0.042305 n
0.106750
1'3; | [ O . Y
» [ W TR TR RS R S
—a—000
We have performed a calculation for the coupling matrix 12} N E
using the full form ofd;,4(r), given by Eqgs(4) and(5). We “Shml N T Cu ]
proceed first to check the validity of the approximations, ’ Txiee o o ]
Egs.(13) and(14), that predict a shift in the block of energy 10F o o120 ]
levels and dipole couplings, as those produced by an homa 020 e
geneous electric field. Table Il compares diagd\zlﬁgg and Rl T . ]
2 3 4 5

dipole M35 matrix elements with the predictiof&gs. (13) n
and(14)] of the approximation by localized orbitals. ) ] ]
We see that the mean value of the induced potential is FIG. 3. Intrashell coupling elements for hydrogenic orbitals on a

quite well reproduced by the assumption of localized orbit-Krdnu‘;'e”S' movu?g tW'th’t: 3$ha'u' |n(|a_1) carbon, (b) a'g”."”t“m' .
als. Figure 2 shows the reason for this: even though the cor?—n (c COPPET SOl argets. he coupiing 1S expressed in terms o
— he density of the jellium target that would produce the same value

tour lines of ®iy4(r) show a marked anisotropy, they are for the matrix element. The density is expressed as both the elec-
tronic volume radius s and the plasma frequeney, of the jellium.

= R Only orbitals withn<5 and /<3, and coupling elements with
- A/'<2 have been considered.
mounted on a large mean value of this potential. On the other
5 hand, for the dipole elements that depend on the gradient of
the potential, the approximation of localized orbitals gives
~ 2.5 wrong values even for the (208)(210) coupling. The an-
= AR isotropy of d;,4(r) points to a strong spatial dependence of
& 0 the induced electric field, responsible for the growing depar-
N 3.5 ture with n of this approximation from the correct values as
’ seen in Table II.
_5 We show in Figs. @)—(c) the coupling produced by the
; \ induced potential for states with the samé¢l<n<5), and
-7.5 \ /'=0,1,2,3. The targets are C, Al, and Cu.
£ What we get from these results is a clear confirmation,

and generalization, of what we found before for bare charges
about the dependence of the number of effective target elec-
X (a.u.) trons that participate in producing different features of the

induced potential. We already noticed in Table | that

FIG. 2. Contour lines of the induced potential close to the pro-Ngit' (®) is smaller tharN ¢¢"(E), this indicating that small

jectile, compared with the extension of bound hydrogenic state$mpact parameter projectile-target ion collisions participate
represented by the mean orbital radil(sp,,, m|r2[#n m). Contour  With a higher weight in determining the induced electric field
lines are drawn at 0.003 intervals, and the value of that passing dhan the induced potential. Now we see that the coupling
the projectile is 0.054. between orbitals withA /=2 that depends basically on the

-7.5 -5 -2.5 0 2.5 5 7.5
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-0.04 —— et 4
[ I ' 196296966 2
AE_...=1.13 -1928.13958
> -0.05 n,,3/2 l |
2 3P * 3d
: 312 . > 312
= 703100 ] ~1970.58944
N -0.06 -1935.75936 -1935.75936
= AE, ;=072
N AE,;,,=2.67
¢ 007 38172 3P1n
< e -1993.65644 -1994.17356
- 008k e [P -1959.34348 -1959.34348
o r=1.00. ]
[ . r=0.93
D09F T 3
0.10 L Bt N T
-1.0 0.5 0.0 0.5 1.0 —_— 2Py,
-4427.27667
z(au) -4392.44659
FIG. 4. Induced potential along the velocity direction per unit A, j1p=2.10
charge of a projectile with velocity=36 a.u. in a Cu target. Full 2 prTpy— P 2Py
line: calculated with LPA. Dashed line: for jellium with three den- 44200726 4472.09726

sities that correspond to the effective number of active electrons
that give the sam@,q, Ejng, and 3?®,,4/9z> as LPA at the ion
position.

second derivatives?deind/axixj corresponds to a larger

number of active electrons, pointing to a greater dominanceis,,,

of close collisions in producing these types of intrashell cou- 1736251

pling (and transitions The effective jellium density that de-

scribes the induced potential at the ion position has been FIG. 5. Energy levels for a hydrogenic Kr ion, including fine

found to be smaller than the density of the jellium that re-Structure and ITamb shlifts, apd state mixilng by the induced pqtential

produces the induced electric field at the ion, and this in tun$et UP by the ion moving wite =36 a.u. in a Cu target described

is smaller than that required to generate the quadrupole coly the LPA approximation. Bold data: isolated Rt levels. Stan-

pling >®;,4/dr;r ; between bound states at the ion. A picturedard data: Shifted energy levelenergy in eV.

of this varying efficiency of target electrons in setting up

different features of the dynamic screening is shown in Figcan be interpreted, for each solid target, in terms of a set of

4; it presents induced potentials along the direction of iorintrashell and intershell collisional mixing, and radiative de-

motion, they correspond to the LPA calculation resultingexcitation cascades. Even though intershell collisional tran-

from the average of electron density along the ion trajectositions are not well known, there is a set of proposed values

ries[Eq. (4)], and to three jelliums with densities that repro- for these cross sections that produce a close agreement with

duce each one of them either the induced potential, or its firshe measured Lyman intensities.

or its second derivatives at the ion position. On the other hand, for the case of Cu targets Balmer
As a final result of this section we have diagonalized thdine intensities depend on the populationrof 3 states. A

coupling matrix({ 4y ;. /.l ®ind ¥n.j./+ m) in thenj/m ba-  model (collisional modet®) follows the evolution of these

sis to obtain the spilitting of levels produced by the dynamicpopulations, incorporating electron capture and loss by the

screening on a Kr hydrogenic ion moving with=36 a.u. in  projectile, collisional mixing and radiative transitions, but it

Cu. In Fig. 5 we present the first excited levels with spin-is not able to reproduce the experimental intensities of these

orbit and Lamb splitting, and the mixing by the induced po-X rays. As the levels (8,,3p12) and (33,,3ds,) are co-

tential. herently mixed by the wake potencial, their amplitudes do
not evolve as those of independent states; instead a pattern of
Il COMPARISON WITH EXPERIMENTAL RESULTS destructive and constructive interferences appears in the

population of each state. This beating is observed as oscilla-

The experiments of Rozet al.> Nicolai et al.® and De-  tions in the intensity of the measured x rays as a function of
spiney and co-workef$*send fast bare Kr ions on thin solid the target foil. The value of the coupling produced by the
foils of C, Al, and Cu. The probability of capturing an elec- induced potencidlsee Fig. 4c)] is the one required to repro-
tron in some excited bound hydrogenic state is small, of theluce the measured target thickness dependence of the inten-
order of 0.1. The one-electron ions formed decay to thesity and wavelength of these oscillations, once a correction is
ground level emitting radiation. The intensity of the x raysintroduced to the phases of the capture amplitudes to the
indicates the population of the states participating in the casa=3 states, calculated in the continuum distorted wave ap-
cade. Apart from the feeding of each state through the elegsroximation.
tron capture and radiative channels, there are collisional in- To reproduce the measurements of Despihélye cou-
trashell(and intershejltransitions, that play a non-negligible pling by the induced potential of s3, and 2p3, States
role in a description of the x-ray intensity. Experimental re-should correspond to an electric field produced by a jellium
sults of the relative intensity of Lymaa, 8, v, anddrays of rg=0.99 a.u. @pp=48 eV). If we look in Fig. 3c) at the
emitted and measured as a function of the target thicknegmatrix element between the hydrogenio,{’,m) orbitals
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(3,0,0x(3,1,0), we get a coupling of these orbitals corre- IV. CONCLUSIONS

sponding o an effective de”S'tY W|th'3:1:01 a.u. In summary, we have used the local plasma approxima-
(wp=46.4 eV), in excellent accord with the required value. o (LPA) to describe inner and valence electrons of a solid
This effective electron density is close to but smaller than theyy a jellium model with space-dependent density. We have
one obtained by us for the local value of the electric field atcalculated the dynamic screening of fast heavy ions by the
the nucleusrs=0.95 a.u. wp=50.86 eV); the difference target electrons in the linear response approximation. We
comes from contributions to the matrix elemeMtl of  find that the effective number of electrons per target atom
higher-order terms of the Taylor expansiondf,y, Eq.(3).  'nteracting with the ion depends strongly on the effect ob-
By looking at the case of Al targets, Fig(8, we see that served; the self—energ_y of the ion as a _fast bare charge, given
there is also a contribution from inner shell Al electrons toby the |nduceq potential at the lon position, corresponds toa
the effective electron density producing the Stark-like cou number of active electrons that is smaller than that producing

i ; ectile bound In th i ‘the slowing force at the ion, given by the induced electric
pling of projectile bound states. In the specific case Ofje|y |y the case of a localized hydrogenic ion as projectile,

(30,0)-(3,1,0)  mixing, this  gives rg'=142 iheinduced potential at the nucledg0) represents the en-
(wp=27.8 eV), while the usual free-electron model for Al ergy shift of the bound state, the electric field gives the di-
considersrs=2.07 (w,=15.82 eV). Therefore, the intensi- pole transitions produced by the dynamic screening, and sec-
ties of the x-ray lines originating in thes3, and 203, states ond derivatives of the potential cause quadrupole
of Kr projectiles in Al are also affected by the dynamic re- transitions. In this approximation we find the sequence
sponse of inner (4,2s,2p) target electrons. of increasing number of active electrondNiiA(®)

In the case of C targets, as we see in Fitg)3he re-  <NLFA(V®)NLEA(V2®D). A full calculation of the coupling
sponse of inner shell electrons to the Kr projectile is lesserms shows that the approximation of localized orbitals fails
important. In fact, four electrons of C are usually incorpo-even for tightly bound states. Nevertheless, the multipole
rated into the free-electron model of the salid=1.53 for  matrix elements again show the sequence of increasing num-
graphite; this leaves only two & electrons in passive frozen ber of active electrons:NSEA(A/=0)<NLFA(A/=1)
states. To reproduce the experimental results for the Balmet N5 (A/'=2), as shown in Fig. 3.
lines it is necessary to take into account, as for the Cu target,
the wake mixing of (3,,,,3p1,) and (3s,,3d3,) levels. ACKNOWLEDGMENTS
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