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K-shell processes in heavy-ion collisions in solids and the local plasma approximation
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We have investigated-shell vacancy production due to ionization and electron transfer processes, in
collisions of highly charged oxygen ions with various solid targets such as Cl, K, Ti, Fe, and Cu at energies
between 1.5 and 6.0 MeV/u. Théshell ionization cross sections were derived from the measdreday
cross sections. Ab initio theoretical model based on the local plasma approximdti®), which is an
extension of the dielectric formalism to consider core electrons, provides an explanation of the measured data
only qualitatively. In case of asymmetric collision&,(/Z;<0.35, Z,,, Z; being the atomic numbers of the
projectile and target, respectivelsnd at higher energies, the LPA model explains the data to some extent but
deviates for more symmetric collision systems. On the other hand, a perturbed-stationafpS&tlcula-
tion (ECPSSR, including the corrective terms due to enef@) loss, CoulomlC) deflection, and relativistic
(R) wave functions designed for ion-atom collisions agree quite well with the data for different combinations
of target and projectile elements. In addition, we have also measureH (taege}-K (projectile electron
transfer cross sections and compared them with a model based on perturbed-stationary-state approximation.
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[. INTRODUCTION well as polarization by the heavy-ion impact, in one ap-
proach, Brandt and co-workef4,5,6] developed a model

The study of heavy-ion induced inelastic processes inwhich is commonly known as ECPSSR and is generally used
volving strongly bound electrons in the inner shells of atomdo calculate the inner-shell ionization cross sections. This
remains interesting in spite of a large number of experimenmodel is based on perturbed stationary-st&8S approxi-
tal and theoretical investigations. It is well known that whenmation with modifications due to enhanced binding energy,
the projectile velocity , is approximately equal to the elec- Coulomb(C) deflection, energy loss), and relativistiaR)
tron orbital velocityv ., various processes such as ionization,effects, introduced in thB1 calculations in a semiempirical
electron capture and excitation have maximum cross sectiomeanner. It has become a convention to compare the experi-
and are of the same order of magnitude. lonization and eleanental results with this theory, since it provides an analytical
tron transfer involving inner shells are the two dominant pro-expression for inner-shell ionization and also for its universal
cesses in case of heavy-ion collisions. There have been nsgealing rule. Similar calculations have been developed to de-
merous studies on the total ionization cross sections of thecribe the electron capture from an inner shisie below.
deeply bound electrons and several empirical scaling lawklowever, it may be mentioned that these PSS calculations
[1,2] have been proposed. For beam energies of a fewre notab initio.
MeV/u, the so-called velocity matching condition is satisfied On the other hand, we present here an alternative model
for the deeply bound electrons of low atomic number targeto describe the interaction of the swift ions with the inner-
elements and therefore the cross sections for the inner-shedhell electrons of the solids. The usual formalism to deal
electron transfer and ionization reach their maxima. The prowith collisions involving solid targets is the dielectric theory,
jectile velocities are too large for the outer or loosely boundfirst proposed by Boh[7] and extensively employed since
electrons, making the cross sections for those processes veten[8]. Within this formalism, the target electrons are con-
small (~v, 1y There are many measurements on the totasidered to respond collectively to the passage of the projec-
electron-capture cross sections for initially loosely boundtile. The polarization of the medium can be described as a
electrons and several empirical scaling 1d@8#] have been wake of density fluctuation trailing the ion, producing a
proposed to calculate the cross sections of such a processake-induced electric field. This response of the electrons in
But, the state selective electron transfer cross sections irthe solid to the ion perturbation is known as the solid-state
volving deeply bound initial and final states cannot be de-effect[9-15].
scribed by such simple empirical laws and the mechanisms It may be difficult to provide a quantitative estimation of
of such transfer processes are not yet understood completetjre contribution in the inner-shell ionization cross section

The present collision systems are highly nonperturbativearising due to the solid-state effect. However, previous mea-
since the initial stategsas well as final stat¢sare highly surements have shown that the solid-state effect could en-
distorted by the long-range Coulomb interaction with thehance the radiative electron-capture process by about 50%
highly charged ions. Therefore, the first-order Born approxi{11] or more compared to that for gas targets. One has also
mation B1) fails to calculate the total cross sections for theobserved an enhancement of about 15—-20 % of the projectile
inner-shell ionization as well as transfer. In order to includeLyman-« x-ray intensity(following electron capturein ion-
the effect of distortion of the initial-state wave function assolid [12] and in ion-fullerend 13,14 collisions, over that
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for ion-atom collisions. However, these enhancements deis obtained from the Hartree-Fock wave functions of the tar-
pend onZ, andv,. get atomg23]. The LPA as presented here is specially suit-
The experiments at high velocities (~36 a.u.) have able in the calculation of inner-shell ionization cross sections
also shown that the target inner-shell electrons must be takdrecause we can evaluate each shell separately and take into
into account to have a complete picture of the dynamicabhccount the gagionization energyfrom shell to shell.
screening of the iop15—17. One of the models to deal with TheK-shell ionization cross section within the LPA model
core electron polarization is the local plasma approximatiorreads ag20]
(LPA) [17-2Q. It describes bound electrons as a free-

electron gas of inhomogeneous density, and uses a spatial 2

. . LPA ZZP dq qu 1
mean value of the dielectric response of these electrons. S'=——| — m = |do, (2
There have been many applications of this model, from the UGN /0 A Je e (q,)

original proposal of Lindhard and co-workers8] to more

recent calculations of coupling of projectile orbitals by thewhere ¢« is the K-shell binding energy consistent with the
induced potentia[17] or the contribution of deep bound Hartree-Fock wave functions employed in the calculations of
electrons to the stopping power and energy straggling(r) [23]. It is important to note that these ionization cross
[20,21] providing results in good accord with the experimen-sections are independent of the atomic density, even when it
tal measurements. is included in Eq{(2) and in the LPA the dielectric function

Though the LPA has been formulated to describe the coreas given by Eq(1). Both contributions cancel each other,
electron response as a whole, the present version incorpand the space integration upRy,sin Eq. (1) converges for
rates the description of shell to shell response. In this way, itadius much lower thaRys, as it is expected for th&
allows us to consider the excitation of each shell separatelghell.
for instance to evaluati-shell ionization. The employment
of the LPA in this case means exploring the borders of va-
lidity of the model.

The LPA has been shown to be valid in the high-energy A well collimated beam of O ions with energy between 25
regime[17,20,2]. This work is an attempt to test the validity and 100 MeV was provided by the BARC-TIFR Pelletron
of the LPA to deal with inner-shell ionizaton in the interme- facility at TIFR. The energy and charge state analyzed ion
diate velocity range u,~6-14 a.u., v,/ve~0.3-1.1).  peam was made to pass through a post-acceleration foil strip-
Since the applicability of the theoretical models depends omer to obtain different charge states and a switching magnet
the symmetry paramete6¢=2Z,/Z;) and hence on the per- was used to select a particular charge state. The targets of Cl,
turbation strength of the collision, we have chosen a set ok (in the form of KC), Ti, Fe, and Cu were prepared on
low Z, targets in order to have a variation f over a wide 10 pg/cn? thick C backing with thicknesses 1.6, 1.6, 2.43,

Ill. EXPERIMENTAL DETAILS AND DATA ANALYSIS

range(between 0.27 and 0.48 0.58, and 1.9ug/cn?, respectively. Such thin targets were
chosen to ensure single collision conditiofZ—26§. The
Il. THE THEORETICAL MODEL: LPA targets were mounted on a rotatable multiple target holder

assembly. The x rays were detected using(&idix-ray de-
tector having 30 miarea and 3 mm thickness. The detector
with 25 um Be window was mounted inside the vacuum

As described above, the LPAS8] describes the interac-
tion of fast heavy ions with the inner-shell electrons within

tge dielﬁ%ri_c t{(r)]rmalisnﬂ. It i{S bat'high ve_IocityTr:noﬂgiK( chamber at an angle of 45° with respect to the beam direc-
=v,) valid in the small pertubation regime. The . aS- tion. The detector had an energy resolution of 165 eV at 5.9
sumes that the bound electrons react as free particles to theev A silicon surface barrier detector was mounted at 135°

external perturbation and that they may be described at €368 detect the elastically scattered particles and was used to

pplnt cl;f jﬁa‘?e.t?‘sl ta ga;s (t)ftfr?e e:]gc;]r?r?s Vé'ﬂ; the O?e_lrjﬁ.'t easure the target thickneisssitu. The target chamber was
given Dy the initial target state 1o which they belonged. ISelectrically isolated in order to collect the charge on the en-
approximation is expected to be valid for bound electron

. . . ) ire chamber which was used for charge normalization. This
with orbital speed smaller than the ion velc.)cmyp(ave' for was required especially at higher energies, i.e., above Cou-
K shel). However, a very good accord with experimental lomb barrier. The data were collected on a CAMAC based
data is found even for projectile velocities lower than thishigh-speed data-acquisition system interfaced to the PC
value[20]. )

. . . Typical x-ray spectra emitted from the different targets
The LPA[17] proposes a dielectric function for the bound bom):)parded byylog-MeV oxygen ions are displayed in F%. 1
electrons, which is a spatial mean value of the Lindhard di—I

) . n case of Cu, Fe, and Ti, th, and K, lines are well
electric functione (g, ,n(r)) [22], separated whereas for K and CI, these lines are not well
resolved. For the purpose of background subtraction, carbon
- - r2dr——m-———, (1)  foils of 10 uglen? thickness were also mounted. The spectra
e"A(q,0) R3Go e(q,w,n(r)) were analyzed to obtain the peak position and the intensity

using a multiparameter fitting program. The intensities were
with Rys being the Wigner-Seitz sphere radiu®ys corrected for the detector efficiency and absorption in the Be
=[3/(47n,)1*® andn,, the atomic density In the present window. The expression used for calculating teacancy
calculations, the spatial dependent densify) of the shell cross sections is

1 B 3 Rw52
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1400 ] (b) whereo is the cross sectio_n fqr electron to be transferred
Cu Ko, (a) Fe from targetK shell to the projectileK shell andoy,, is the
1200+ 1 total K-vacancy production cross section with"‘humber of
vacancies in the projectil& shell (i=0,1,2). The vacancy
production cross sections for projectiles with lower charge
800 . states, i.e., with nd-shell vacancy (rﬁv), are found to be

almost independent of charge states and are taken as Cou-

1000

6001 lomb ionization cross sectiong,). The derived cross sec-
400 | tions are shown in Table I. Typical errors are about 15% for
Kp ionization cross sections and about 25% for the transfer data.
200 l These errors include the uncertainties in the target thickness,
Poy PO S, N . NV SOV S S detector solid angles, fluorescence yields, counting statistics,
@ 75 80 85 90 95 55 60 65 7.0 75 and the procedure to derive the transfer cross sections.
S 2000 (©)] (d)
S 1750] Ti ] Kal
K IV. RESULTS AND DISCUSSIONS
1500+
cl A. lonization
1250+
1000 In heavy-ion—atom collisions, the energies of the target

K, andKg x-ray lines increase from that of a singly ionized
750+ 1 atom due to the presence of multiple vacancies in the outer
shells. The x-ray energy shifts, as a function of the beam

500 energy, are plotted in Fig. 2 for various target elements. The
250 1 multiple data points at a given energy correspond to different
0Lttt NN s i : projectile charge states. It may be seen that the energy shifts
3.5 40 45 50 55 2 3 4 do not show any dependence on the charge states unlike that
Energy (keV) observed in case of gas targé8i]. The reason for the ab-

FIG. 1. X-ray spectrum emitted from various targets in collision _Senf:e -Of Such_ depende-nc-e 's that the charge state of the- pro-
with 10'0_Mev g+ jectile is equmbrate_d Wlth_ln a few monolay_ers of the solid
' target. The uncertainties in the peak energies pfakd Kg
were ~10 eV and 20 eV, respectively. It may be seen that
__47NA T )  the energy shifts decrease as a function of beam eri€igy
TKVTAQ NN, o’ @ 2). The beam velocities are between 8 and 14 a.u., which are
much larger than th#1- andL-shell orbital velocities of the
target electrons, making the- and M-shell ionization and
transfer cross sections very small. As the beam energy in-
creases, these cross sections fall rapidly resulting in less mul-
tiple ionization inL andM shells.

Figure 3 shows the measurkdshell ionization cross sec-
tions along with the predictions of the ECPSSR and the LPA
models. For the Fe target, the charge state dependence could
from the measured intensity ratios kf, andK , lines and not be studied an_d at the two _highest energies H-like or bare
the shifts in the x-ray energiésee Tablg)l Suchﬁcorrections lons were used in the_z experiment. Therefore,_ the vacancy

production cross sections at these two enerfgown as

in the w values are required due to the multiple ionization in - : .
the outer shells. The enhancement was found to be betweesr(]quares in Fig. @] include theK-K transfer cross sections

i ionizati + .
9% and 22%(Table ). TheK-K electron transfer cross sec- aIogﬁewgg;hsgéomézz?néggéd (;}F\Kion—atom collisions pro-
tions were derived from the measured vacancy productior{}i

i . S des an excellent agreement with the data over the whole
cross sections as a function of the pro_Ject_lle charge state, "erange of velocities and for different symmetry parameters
as a function of the number of vacancies in Kashell of the

projectile, such as [see dotted lines in Figs.(&-3(e)]. For the Fe target, the
' theoretical calculation shown by dashed line, includes the
contributions due to th&-K transfer procesgsee below
UKK=0(K1\}—U&O\} 4 along with the ECPSSR predictions firionization. It may
be noted that the ECPSSR is a thoroughly developed model,
and although more semiempirical in nature. A good agreement
with the data clearly indicates that for the inner-shell ioniza-
tion, this ion-atom collision model should be applicable for
ion-solid collision experiments provided sufficiently thin tar-
gets are used to ensure the single-collision conditions. How-

whereN, is the number of x-ray photons detectéy, is the
number of incident particles,is the target thicknesg, is the
efficiency of S{Li) detectorA(), is the solid angle covered
by x-ray detector, andry, being the vacancy production
cross section. The fluorescence yields ) were taken from
the tabulation by Krausg27] and the corrections in these
values were estimated using data from Bha#28 -3 and

1
UKKZE(U&Z\}_U&O\) ) 5
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TABLE I. The o, okk, AK,, AKg, and the intensity ratios
and the enhancements in fluorescence yields. * dengtgs|for

H-like ions, see Eq(3)].

Energy AE, AEg oKl OKK
Target (MeV) (eV) (eV) lgll, wlw, (kb (kb
Cl 25 61 146 0.101 1.22 239 29
36 56 121 0.121 1.22 473 50
52 46 86 0.129 1.13 654 89
64 41 76 0.113 1.13 630 97
72 41 66 0.128 1.13 618 98
84 36 56 0.138 1.13 669 54
100 31 46 0.153 1.05 745 54
K 25 60 162 0.113 1.22 786 8.4
36 55 147 0.131 1.22 183 13.3
52 45 102 0.161 1.13 315 185
64 40 82 0.156 1.13 356 55
72 41 61 0.168 1.13 367 252
84 36 62 0.172 1.13 408 23.7
100 30 a7 0.176 1.05 480 22
Ti 25 61 167 0.163 1.29 16.4 0.2
36 61 157 0.153 1.29 55.8 3.1
52 51 121 0.131 1.21 121 4.8
64 45 101 0.136 1.15 171 20.6
72 40 91 0.138 1.13 203
84 35 76 0.128 1.12 173 20
100 30 81 0.137 1.12 195
Fe 40 60 165 0.162 16.92
54 55 152 0.172 36.7
70 55 102 0.165 52.36
85 50 91 0.171 72%5
100 50 78 0.157 116
Cu 25 55 145 0.168 1.08 0.7 0.12
36 60 145 0.181 1.14 253 0.6
40 60 160 0.188 1.14 6.19
52 50 140 0.174 1.13 9.03 2.05
54 60 140 0.177 1.13 14.1
64 50 125 0.165 1.13 15.7 4.2
70 50 130 0.171 1.13 21
72 45 120 0.164 1.11 22 3.7
84 40 115 0.161 1.11 328 23
85 50 120 0.1595 1.11 38
100 35 95 0.157 1.09 31.2 7.85
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FIG. 2. Energy shifts of th& , andK lines for Cl(a), K (b), Ti
(c), and Cu(d) targets in collisions with oxygen ions. The different
data points(i.e., same symbplat the same energy correspond to
different charge states of the projectile.

present LPA gives ionization cross sectipriEhe agreement

is even reasonable for Ti target except for the lowest energy.
For the lowZ targets(i.e., for Cl and K, the LPA starts
deviating from the data and the deviation is greater on the
higher-energy side, which is not expected since this model is
supposed to work better at higher energies. A maximum de-
viation of about 20—45 % is to be noticed for the lowgst-
target usedi.e., for C) for which theS,=0.47. It may thus

be concluded that foK ionization, the LPA works better for
more asymmetric collision partners such tBa& 0.35 above
which it starts deviatingat least in the intermediate velocity
range.

The deviation in the LPA curves at the lowest velocities
considered is expected because in these cases, impact veloci-
ties are much lower than the electron velocity in kshell.

In these cases, the free-electron-gas approximation is sup-

ever, the applicability of the ECPSSR depends very much oposed to fail. This low-energy limit is again related $p.
the collision symmetry parameter. For example, Détadl.
[32] has shown that the model deviates from the measuredxpressed in terms of the generalized perturbation strength
data for more symmetric collision systesuch as Si on Ar
for which S, was 0.78.
On the other hand, the LPA behavior is acceptable, buLPA description is good fof,<0.03.

tends to underestimate the data for the most symmetric col- However, it is observed that thab initio model LPA pro-
lisions. As can be seen from Fig. 3, the LPA agrees well withvides quite a good qualitative agreement with the experi-
the data in case of Cu at higher velocities and deviates in thment. There is still a scope to improve the LPA model in
lower-energy region. Similarly in case of Fe, the LPA repro-order to explain the data in the intermediate energy range.
duces the data quite welkxcept for the highest two energies The employment of the LPA to describe tkeshell electron

for which the measured data includg, + oxx , Whereas the

This relation between symmetry and impact velocities can be

Sp=2Z,/(vpZy), proposed by Tiwaret al.[33]. We can sum-
marize the LPA results shown in Fig. 3 by saying that the

response to the ion perturbation, means exploring the limits
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FIG. 3. TheK-shell ionization cross sections for different targets
as a function Of beam energy. The Charge states of the Oxygen ions FIG. 4. The measureK'K eleCtron transfer Cross SeCtiOnS fOI‘
correspond to zero vacancy in theshell. The LPA and ECPSSR Cl (a), K (b), Ti (¢), and Cu(d) targets along with the OBKNPSS
calculations are shown as solid and dotted lines, respectivelg) In calculations(solid lines.
the data at two highest energies correspond 16 @nd include the

contributions from ionization anl-K transfer and therefore are to gk (Oppenheimer-Brinkman-Kramer-Nikoleaapproxi-
be compared with ECPSSR OBKNPSS(dashed ling mation [37] overestimates the cross sections of inner-shell

of the model under the worst conditions. The free-electronSISCroN transfer by a large factor. In perturbed-stationary-

gas description of a few highly bound electraing., theK state approach, Lapicki and McDani@iog0 [381 have in-
shel) is expected to be worse than that for more weakIyCIUded the s_eC(_)nd Born term and the correctlons_due_ to the
bound electrons such as those in ther M shells. enhanced blnldlng energy and Coulomb deflection in the
OBKN formalism, in the same way as was done in the
ECPSSR formalism for ionization. Although this formalism
is not anab initio one, the simplicity of using analytical
The K-K and L-K electron transfer cross sections haveexpression in this method and its ability to predict the cross
been measured in a few cases in the pa5t26,31,32,34— sections for asymmetric collisions is worth mentioning.
36]. Figure 4 shows the present measurements ofkthe  Comparison of this mod€lOBKNPSS with the experimen-
transfer cross sections, derived from the charge state depet@ data for different symmetry parameters is displayed in
dence of the x-ray yields as discussed before. The data fdtig. 4. The best agreement is found for the most asymmetric
Cl, K, Ti, and Cu targets are shown in Figgay-4(d). Itis  collision partners, i.e., for @ Cu, for which the calculation
well known that the first-order calculation based on thereproduces the data very well over the entire energy range.

B. Electron transfer
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©
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E & I TS O \g ,,,,,,,,,,
E 2
0.14
; 84 MeV (c) 100 MeV (d)
- 0.01 T T T T T T
3 0.02 0.04 0.06 0.02 0.04 0.06
. S (= Zp/ZtVP)
1 - N FIG. 6. The ratio of measuredy to the OBKNPSS calcula-
tions vs the perturbation strengilsee text The straight lines
0.1 (c) o - through the data points are to guide the eyes.
— T T T T T T T T T T

16 18 20 22 24 26 28 30 perturbation strength, i.e., fd8,=0.017 (at 100 MeVj to
y4 0.029(at 36 MeV), and deviates largely for higher values of
S,. As the S, increases, the ratio decreases rapidly, in all
FIG. 5. Variation ofK-K electron transfer cross sections as afour energies shown in Figs.(&-d. The straight lines
function of target atomic numbeé, for three different energies, as through the ratio are to guide the eyes and may provide
indicated. The solid lines are the OBKNPSS calculations. quantitative information on the degree of deviation of the
) ] o theory as a function of the generalized perturbation strength.
The model deviates from the data substantially with increas- |+ must be mentioned that for the-K transfer process, we
ing Sz, i.e., for Ti, K, and Cl targets. In the case of the mostqg not have a collective response theory coming from the
symmetric system studied, i.e., I, the deviation is the gjelectric formalism in order to compare binary and collec-
largest amounting to a factor of about 8 at low energies. Thigiye models applied to ion-solid collisions. It remains to be
factor is reduced to about 3 at higher energies. The perturb?ﬂvestigated whether it is possible to have such a LPA model

tion strength being very large for these collision systems, thgg gescribe state selective electron transfer processes in ion-
PSS approach fails even for the relatively asymmetric colli-ggjid collisions.

sion partners, i.e., fo8,=0.3.

T

In Fig. 5, we display therck as a function ofZ,. The V. CONCLUSIONS
data are shown for three different beam energies, i.e., 100 '
MeV [Fig. 5@], 64 MeV [Fig. 5b)], and 25 MeV|[Fig. K-shell vacancy production cross sections arising from

5(c)]. The best agreement is always found at the higdgst Coulomb ionization and state selectifeK electron transfer
studied herdi.e., for Cy at all three energies shown. With processes are measured in collisions of oxygen ions with
higher Z; the electron is more strongly bound, making thesolid targets of low atomic numbers (¥Z;<29) in the
perturbation strength small and therefore making the PS#termediate velocity range. The investigation was extended
approach applicable. However, the close-coupling calculaever a wide range of collision symmetry paramet8y pe-
tions [39] have been shown to give a better agreement fotween 0.27 and 0.47and the generalized perturbation
such state selective capture processes, especially for the nestrength §, between 0.017 and 0.06The measured ioniza-
symmetric collision systempg31,25,33. These calculations tion cross sections were used to provide a test to the local
are not available for the present collisions. plasma approximation, which has been developed from the
Following the suggestion made by Tiwagi al. [33], we  dielectric formalism to include the solid-state effect on
can discuss the comparison with the OBKNPSS behavior imtomic collisions. Theab initio LPA model, although, is
terms of the generalized perturbation strength, defined bdeound to give an overall acceptable agreement but tends to
fore. Physically,S; is small for large collision velocity and underestimate the data for symmetric collisions and low ve-
for the tightly bound electrons, i.e., for lar@g. This aspect locities. The LPA description of thé&-shell ionization is
is explained in Fig. 6, in which we show the ratio of the datagood forS,=0.03. On the other hand, the ECPSSR model,
to the OBKNPSS calculations as a function . It is  which is throughly developed but more semiempirical in na-
clearly seen that the ratio is close to 1.0 only for the lowesture, shows an excellent agreement with the measurements
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even for the lowZ, targets in the whole energy range con- electron-gas approximation applied to describe Kashell
sidered here. The measurdK electron transfer cross sec- ionization has been pointed out.

tions are found to be reproduced by the PSS calculations

only for highly asymmetric collision partners such as O

+Cu. Again the comparison with models are presented in ACKNOWLEDGMENTS

terms of the generalized perturbation strength. The need of a
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