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Stabilization of electrons on Arq¿ ions after slow collisions with C60
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We discuss hollow atom formation and stabilization of electrons on Arq1 following Arq11C60

→Ar(q2s)11••• collisions at 3.3q keV (q54 –18). The experimental information consists of the final pro-
jectile charge-state distributionsf q

s , i.e., the relative distributions of the number of stabilized electrons,s, and
the corresponding mean values^s&5(s51

q s fq
s as functions ofq. We use the classical over-the-barrier model to

deduce sequences of effective principal quantum numbers and find that the hollow atom formation is com-
pleted 3 –4a0 above the surface of the C60 cage for allq. For q<8 ~filled L shells!, the last electrons are
transferred from delocalized outer C60 orbitals directly to the projectileM shell ~side-feeding!, while several
intermediate shells are left open for largerq leading to further electron transfer at intermediate distances and
simultaneous electron emission from higher projectile shells. At still closer distances, localized carbonK-shell
electrons are transferred directly to the argonL (q510 and 11! andM shells (q>12). The direct transfer to the
L shell of Ar101 and Ar111 is manifested as significant enhancements of^s& for q510 andq511.

DOI: 10.1103/PhysRevA.63.062725 PACS number~s!: 34.70.1e
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I. INTRODUCTION

The interactions between slow highly charged ions a
atoms, molecules, clusters, microcapillaries, and solid
faces have been studied extensively during the past few
cades~for reviews, see@1,2#!. One of the common main
characteristics of such interactions is electron transfer fr
the target to highly excited projectile states. Hollow ato
and ions are thus formed with features that depend on
impact parameter, the projectile chargeq, and the electronic
properties of the target. Clusters, microcapillaries, and s
faces have large amounts of loosely bound electrons yield
efficient population of such exotic states, but it is only t
former two@3–7# that offer possibilities to study free hollow
atoms at longer times after their creations.

Hollow atoms formed along trajectories towards flat s
faces are destroyed in close interactions with surface
bulk atoms. The number of electrons leaving the surface m
be very large and is often greater thanq @8,9#, especially
when there are strong contributions from below-surface p
cesses@10#. A further important feature of the inevitabl
close collisions is the efficient,q-independent, neutralizatio
in grazing interactions with metal@11,12# and insulator
@13,14# surfaces. This means that inner-shell vacancies
filled during the very short collision time of typically 10 fs
For years this seemed to be hard to reconcile with the an
pated much longer Auger and radiative relaxation times
hollow atoms, often referred to as the time-bottleneck pr
lem ~see, e.g.,@15#!. However, Wineckiet al. @16–18# have
shown that very fast above-the-surface neutralization
Arq1 on graphite may be accounted for through direct tra
fer to the projectileM-shell and following fastLMM Auger
transitions. Such over-the-barrier transfers at close dista
bypass time-consuming relaxation cascades, and in the
of ion-surface collisions they are often referred to as si
feeding processes@19#. In this work, we will discuss the
1050-2947/2001/63~6!/062725~7!/$20.00 63 0627
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importance of related processes and possible time-bottlen
limitations for electron transfer and stabilization in Arq1

2C60 collisions. Right from the onset we would like to stre
though that interactions between highly charged ions and60
are dominated by processes at large impact paramete
which the molecule may be viewed as a pointlike~atomic!
target@20#.

We have thus investigated electron transfer and the s
sequent stabilization of electrons on the projectile in

Arq11C60→Ar(q2s)11C60
r 11~r 2s!e2 ~1!

collisions at 3.3q keV with q54, 6, and 8–18. We define
the final projectile charge-state distributions,f q

s , as

f q
s5

sq
s

(
s51

q

sq
s

, ~2!

wheresq
s is the absolute cross section for stabilization os

electrons. The mean numbers of stabilized electrons are
given by

^s&5(
s51

q

s fq
s . ~3!

Most of the collisions~1! occur at large distances and only
limited amount of electrons are removed from the target a
only one or a few are stabilized on the projectile. A smal
part, however, shows surfacelike features such as, for
ample, strong electron emission. This very astonish
effect—there is nothing below the surface in C60—was first
reported by Martinet al. @21# and so far no fully convincing
explanation has been offered.
©2001 The American Physical Society25-1
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A. LANGEREIS et al. PHYSICAL REVIEW A 63 062725
In Sec. II, we give a brief description of the experimen
technique and we present the results in Sec. III. Thef q

s data
fall in two main groups,f q,high

s and f q, low
s , within each of

which theq dependences are very weak. This finding is d
cussed in Sec. IV and may be traced back to the relaxatio
multiply excited states and the weakq dependence for the
relative target ionization cross sections,

f q
r 5

sq
r

(
r 51

q

sq
r

, ~4!

wheresq
r is the cross section for removingr electrons from

the target.
Electron transfer is described as sequences of clas

over-the-barrier processes yielding corresponding seque
of effective principal quantum numbers for the project
capture states. We find that the last transferred electron
the hollow atom formation populate states close to the p
jectile core for lowerq, while the higher-q projectiles may be
fully neutralized leaving several intermediate shells emp
TheM shell is thus populated directly from outer C60 orbitals
in over-the-barrier processes forq<8. For higherq, resonant
transfers between the carbonK and the argonL (q510 and
11! are very effective in analogy with the reverse proce
~argonL-shell vacancy production in atomic C61-Ar colli-
sions! reported by deNijset al. @22#. For q>12, the carbon
K-shell electrons appear to be transferred to the projectilM
shell.

The inner-shell transfer distances are well within the d
tance from the C60 surface (3 –4a0) where the hollow atom
formation is completed. The possibility of filling vacant in
termediate shells after forming the hollow atom sugges
mechanism for dissipating many electrons during the cl
part of the collision. This interaction time is too short~sub-
femtoseconds! to allow for filling of the innermost open pro
jectile shells via inner-shell Auger processes as in i
surface collisions.

II. EXPERIMENT

The experimental procedure has been discussed in d
earlier @5,20#. Briefly, the argon ions were produced by th
cryogenic electron beam ion source at the Manne Siegb
Laboratory, Stockholm University. The ions had energies
3.3q keV and their mass-to-charge ratios were selected w
a double focusing analyzing magnet. Behind the magnet,
beam was collimated before it entered a cylinder contain
a vapor of C60 from a 99.9% pure powder~Hoechst!. The
cylinder was temperature-stabilized within61° and set to
values ~in the interval 410–420 °C) such that the tot
charge-exchange yields were below 10% for allq when the
charge-state fractions,f q

s , were recorded. This made corre
tions for double and background collisions small but not n
ligible @20#. The charge exchange with the background g
was measured at cell temperatures of 300 and 350 °C. A
the interaction region, the Ar(q2s)1 ions passed a 300-mm
long field-free region. The final projectile charge statesq
06272
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2s) were selected by means of a 180 ° cylindrical ene
analyzer as shown in Fig. 1. Alternatively, short deflec
plates were used to disperse the different (q2s) beams on a
position-sensitive detector. This second setup also allow
for measuring the cross sections for projectile neutralizat
@5#.

The f q
s distributions were established by switching b

tween the primary beam of chargeq and all the different
charge-exchange components, defined bys, during short
times. This procedure was repeated many times in orde
arrive at mean ratiosN(q2s)/N(q), where N(q2s) and
N(q) were the number of ions of chargesq2s andq, respec-
tively, that were registered during a certain preset time an
a well-defined target density~temperature! @20#. We deter-
mined the absolute cross-section scale using the vapor p
sure by Abrefahet al. @23#. This choice has recently bee
motivated in detail by Schwartzet al. @20# and Larssonet al.
@24#.

III. RESULTS

The measured absolute cross sections for stabilizins
electrons in Arq12C60 collisions are shown in Fig. 2. We
note that the cross sectionssq

s increase withq for s51,2,3,
are roughly independent ofq for s54, and are strongly re-
duced aboveq510 for s55 and 6.

The experimentalf q
s distributions, deduced from Eq.~2!,

are shown in Fig. 3. For lowers, they both decrease mono
tonically with s. For s>5, the distributions fall in the two
groupsf q, low

s (q<10) andf q,high
s (q>12) ~left and right side

of Fig. 3, respectively!. The f q,high
s fractions are very smal

~mostly ,0.1%) for s.5 while the f q, low
s fractions have a

second maximum fors>5. We note that thef q, low
s and f q,high

s

distributions are almost independent ofq within each group.
Further, fors<4 there are only small differences even b
tween the two groups.

In Fig. 4, we show in detail the parts of thef q, low
s and

f q,high
s distributions that lie below 10% in order to clear

expose the differences fors>5
The f q511

s distribution lies betweenf q, low
s and f q,high

s .
Note also that thef q, low

s55 value forq56 and thef q, low
s57 value

for q58 fall outside the general trend forf q, low
s .

FIG. 1. A schematic of the experimental setup used to mea
absolute cross sections,sq

s , final charge-state distributions,f q
s , and

mean numbers of stabilized electrons,^s&C60, in 3.3q keV Arq1

2C60→Ar(q2s)11••• collisions.
5-2
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IV. DISCUSSION

The f q, low
s and f q,high

s distributions for the C60 target are
similar for low numbers of stabilized electrons (s51 –4). In
this region ofs, they are also similar to the projectile charg
state distributions for Arq1-Ar collisions from Ali et al. @25#.
The latter similarity shows that Arq12C60 interactions yield-
ing s51 –4 are dominated by large impact parameter co
sions in which the geometrical dimensions of the target
relatively unimportant. These processes account for la
parts ~more than 80%! of the total charge-exchange cro
sections and thus Arq12C60 collisions are mostly ‘‘atom-
like.’’

In the following, we will first give a short description o
the over-the-barrier model used to calculate critical distan
for electron transfer and effective quantum numbers for
capture states. Then, we will discuss the formation of holl
ions and atoms and compare electron transfer and stab
tion following low-velocity Arq12C60, Arq1-atom ~He

FIG. 2. The total cross sectionssq
s for stabilizings electrons as

functions ofq in 3.3q keV Arq1-C60 collisions. Note the difference
in sq

s scales for the left and the right figures. The absolute cro
section scale is set by the vapor pressure by Abrefahet al. @23#
giving an estimated uncertainty of630% @20#. The statistical un-
certainties are much smaller than this~typically a few percent!. The
lines have been drawn to guide the eye.

FIG. 3. Experimental final projectile charge-state fractionsf q
s as

functions of the number of electrons,s, stabilized on 3.3q keV
Arq1 projectiles after collisions with C60. The lines are to guide the
eye.
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@26,27# and Ar@25#!, and Arq1-graphite surface@16–18# col-
lisions.

A. Modeling electron transfer from C60

Most versions of the over-the-barrier model for ion-C60
collisions @3–5,28# are built on metal-sphere descriptions
the C60 molecule@3–5# and here we adopt this picture. W
set the sphere radius toa57.2 a0 by means of the experi
mental values for the sequence of ionization potentialsI r
@29–31# and the polarizabilitya @32# of C60. This yieldsa
57.260.1a0 using classical electrostatics for whichI r5(r
11)/a and a5a3. The former givesI r53.76(r 11) eV,
which will be used throughout this work.

The critical over-the-barrier distances for electron trans
are obtained from the~sequential! conditions that the
maxima of the potential barriers equal the correspond
Stark-shifted electronic binding energiesI r1(q2r 11)/R,
expressed in terms of the distance,R, between the projectile
and the~model! sphere center. We calculateRr numerically
and the results are shown in Fig. 5 forr ranging fromr 51 to

FIG. 4. The f q, low
s and f q,high

s distributions with an expanded
vertical scale. The lines trace thef q

s distributions forq 5 10, 11,
and 12.

FIG. 5. Critical electron transfer distances,Rr , as functions of
the number of active electrons,r, calculated by means of the ove
the-barrier concept combined with a metal sphere model of the60

molecule~cf. text!. Results for different values ofq are shown for
Arq12C60 collisions.

s-
5-3
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A. LANGEREIS et al. PHYSICAL REVIEW A 63 062725
r 5q using full screening of the projectile charge@5#. The
smallest critical distances correspond to full neutralizat
(r 5q) and they lie a few atomic units (3 –4a0) outside the
sphere radiusa57.2a0.

The modelQ value @5# for transfer of r electrons to a
projectile of chargeq is

Qtot
r 5 (

k51

r

~TB
(k)2I k!, ~5!

where the individual terms in the sum are@5#

TB
(k)5

q2k11

Rk
1

a~q2k11/2!

Rk
22a2 2

a~q2k11/2!

Rk
2 1I k .

~6!

Note that these expressions forTB
(k) do not directly give the

individual binding energies after capture ofr electrons. The
reason for this is that electrons that become active at sm
R are transferred to more deeply bound projectile states.
binding energies of the outer~already transferred! electrons
will then be reduced due to an increased screening of
projectile charge, and the binding energies,EB

(k) , will depend
on bothk and r (k<r ). However, theQtot

r values are well-
defined model quantities given by theRr sequences.

The binding energy of the outermost electron is first c
culated throughneff

(1)5q/A2EB
(1) for the case in which this is

the only transferred electron, for whichEB
(1)5TB

(1) . For col-
lisions in which two electrons are transferred we assume
the binding energy for the first~outer! one decreases in pro
portion to the reduced screening, i.e., with a factor@(q
21)/q#2, and, thus, that the value ofneff

(1) is unchanged. The
binding energy of the second electron then becomesEB

(2)

5TB
(2)1$12@(q21)/q#2%TB

(1) with TB
(1) and TB

(2) from Eq.
~6! giving neff

(2)5q/A2EB
(2). Continuing with this method, we

increase the screening for all outer electrons by one
when a new inner electron is transferred in a stepwise m
ner. For each step, we calculate the binding energy of the
transferred electron under the condition that the total e
tronic binding energy, and thus theQtot

r value given by Eq.
~5!, is unchanged. The outermost electron in Ar612C60 col-
lisions will then, e.g., populateneff

(1)56.1 regardless of the
total number of transferred electronsr. In Fig. 6, we show
1/(neff

(k))2 as functions ofk (k<r ) for different q. The exci-
tation energy for the last captured electron in close collisi
(k5r 5q) is in most cases sufficient to allow for emission
all the outerr 21 electrons for Arq1 projectiles withL holes.
This situation contrasts the one for projectiles withoutL
holes as, e.g., Ar61, where the last two electrons, accordin
to the model, are likely to be captured directly in theM shell
~cf. Fig. 6!.

B. The decay of hollow ionsÕatoms

The relative probabilities tostabilize s51, 2, 3, or 4 elec-
trons on an argon projectile ion are found to be only ve
weakly dependent onq ~cf. Fig. 3!. In the left part of Fig. 7,
we show the calculated relative distributions among the cr
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sections for ionizing the target up tor 512. These are base
on the critical radiiRr ~from Fig. 5! with r ranging fromr
51 to r 5q21. In the right part of Fig. 7, we show a com
parison between the model distribution for Ar81, which does
not include processes leading to very strong target ioniza
(r>q), and measurements from Chenet al. @33# including
such processes. Strong target ionization is of great princ
importance, but normally it only accounts for 10–20 %
the total electron capture cross section. The experimenta
sult by Chenet al. @33# for the fraction of processes yieldin
r>q is about 10% for Ar812C60 collisions. This is slightly
smaller than the corresponding model value (R8 /R1)2,
which gives 16%.

From the comparison to the right in Fig. 7 we conclu
that the present model gives fair relativer distribution for r
,q. The close agreement between the calculated distr
tions in the left figure shows that the weakq dependence in
f q, low

s and f q,high
s for s<4 is manifested already in the corre

sponding initial electron transfer processes and that this
fect somehow is conserved in the subsequent stabiliza

FIG. 6. Model effective quantum numbers, displayed
1/(neff

k )2 as functions ofk<r for different projectile charge statesq.
The positions of the hydrogenic quantum numbers,n, are shown to
the right in the figure.

FIG. 7. Left: Relative model ionization cross sectionsf q
r for

projectile charge statesq58, 12, and 16 colliding with C60. Right:
Relative target ionization cross sections,f q

r , from the model and
experimental valuesf q

r from Chenet al. @33# for Ar81-C60 colli-
sions.
5-4
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process. A possible way to understand this is if the num
of stabilized electrons is determined directly by the relativr
distributions~which are weakly dependent onq) rather than
by the projectile charge itself. In other words, it appears a
electric charge is dissipated in similar ways independen
the core structure and that the dominant autoionization p
cesses thus mainly involve higher excited states fors<4.

C. Comparisons with ion-atom collisions

In Fig. 8, we show the mean numbers of electrons sta
lized on the Arq1 projectile together with similar results fo
Arq1-Ar @25# and Arq1-He @26,27# collisions. The three set
of data in Fig. 8 show important differences and similariti
They reach their respective~almost! constant high-q values
of ^s&51.5, 1.3, and 1.03 atq512, 10, and 9 for the C60,
Ar, and He targets, respectively. The most striking obser
tions are the maxima in̂s& aroundq58 for all three targets
and the unique second maximum atq510 for C60. The col-
lision velocity was higher for the Ar target~0.6 a.u.@25#!
than for the C60 ~0.2 a.u.! and the He targets~0.2 a.u.
@26,27#!, but in the low-velocity regime (v,1 a.u.) this is
of minor importance.

The mean numbers of stabilized electrons for the tw
electron target He,̂s&He, are only slightly larger than unity
for q>9 ~cf. Fig. 8!. The higher values of̂s&He for lower q
(q55 –8) are due to direct population of theM shell by the
inner of the two transferred electrons as described by, e
Selberget al. @34#. For q<8, the projectileL shells are com-
pletely filled and autoionization is suppressed. In fa
^s&He51.3 is equal to the expected maximum value
q58 with zero autoinization rate and a relative two-electr
transfer probability of 0.3. The latter was suggested by
periments in which the relative yields of He21 and He1 re-
coil ions were measured to be close to 0.3 independent o
projectile charge@35#. Note also that the number of stab
lized electrons is always larger for Arq1-Ar than for
Arq1-He collisions~Fig. 8!. Qualitatively, this is easy to un
derstand, since more than two electrons may be transfe

FIG. 8. The mean numbers of stabilized electrons^s& as func-
tions of the projectile charge states,q, for Arq1 ions colliding with
C60 ~present data, filled circles!, Ar ~from @25#, open circles!, and
He @from @26# for q<8 ~filled triangles! and from @27# ~filled in-
verted triangles! for q>8#. The collision velocities were 0.2, 0.6
and 0.2 a.u. for the C60, Ar, and He targets, respectively.
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from argon. Therefore, it is still possible, after first fillin
oneL-shell vacancy in an Auger process, to stabilize one~or
several! of the remaining excited electrons by further Aug
and/or radiative processes. We interpret the maximum
q58 for the C60 target as due to similar processes to tho
for the atomic targets, i.e., direct over-the-barrier~‘‘side-
feeding’’! of the argonM shell. This is supported by the
calculated sequences of projectile capture states~cf. Fig. 6!
and by the comparison with the O81-C60 results from Chen
et al. @33#. The O81 projectile has emptyK andL shells and
therefore the cross sections,sq

s , for larges are much smaller
than for Ar81 projectiles.

The second maximum in̂s&, at q510, is unique for the
Arq1-C60 collision system and indicates that theL shell
somehow is efficiently filled for Ar101 but not for Arq1 pro-
jectiles withq>12. This is clearly exposed in Fig. 9, wher
the ratios^s&C60/^s&Ar and ^s&C60/^s&He are shown. So far,
we have assumed that electrons are transferred sequen
from the outermostC60

r 1 orbitals such that the last trans
ferred inner electrons reach theM shell forq<8. This, how-
ever, could not explain direct population of the ArL shell
due to the large difference between the tenth ionization
tential of C60 ~42 eV! and theL-shell energy of Ar101 ~479
eV!. Instead, the second maximum atq510 is most likely
due to resonant, over-the-barrier transfer to argonL holes of
one ~or two! carbonK-shell electrons~the K-shell energies
are 290 eV@36# and 292 eV@37# for neutral C60 and atomic
carbon, respectively!. The Stark shift plays an important rol
here and, as an example, an unscreenedq510 projectile
charge would shift the carbonK energy to 479 eV at a sepa
ration of R510327.2/(479–290)51.4a0.

Electron transfer between the carbonK and the argonL
shells has been observed for ion-atom collisions by deNijs
et al. @22#. They recorded strongly enhanced production
Ar71 and Ar81 recoil ions in C61-Ar collisions. A rather
detailed analysis of projectile and target Stark shifts and
mutual screening led to the conclusion that the effectiveK-L
transfer distances are around 1.5a0 @22#. This value is close
to our rough estimate, and the fraction of the total electr

FIG. 9. The ratios between the number of electrons stabilized
Arq1 projectiles following collisions with C60 and atomic targets;
^s&C60/^s&Ar ~filled circles! and ^s&C60/^s&He ~filled square!. The
values for^s&Ar and ^s&He are taken from Refs.@25# and @26,27#,
respectively.
5-5
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A. LANGEREIS et al. PHYSICAL REVIEW A 63 062725
capture cross section involvingK-shell capture could thus b
estimated to be@(7.211.5)/29#250.1 with R1529a0 being
the first critical distance forq510. Although this effect is
sufficiently large to qualitatively explain the enhanced va
of ^s&C60 for q510 ~Figs. 8 and 9!, we still have to under-
stand why there is no enhancement forq>12. The most
likely explanation is, we believe, that theK electrons are
transferred to theM and not to theL shell for these higher
charges and that they thus leave holes in theL states even
after carbonK-shell capture. The binding energies for thes
states to Arq1 with q510, 11, 12, 13, and 14 are 196, 22
257, 297, and 326 eV, respectively@37#. Comparing these
values with the 292 eV C60 K shell energy@36#, it appears
reasonable to assume that the latter three lead to transf
the M shell at distances larger than those where direct tra
fer to theL shell would be effective.

Very efficient carbonK-shell vacancy production has re
cently been observed in carbon atoms sputtered by hig
charged ions from graphite and C60-covered surfaces@38#.

D. Comparisons with ion-surface interactions

The basic mechanism behind the enhanced stabiliza
for low q is direct over-the-barrier transfer to theM shell of
argon at distances of a few atomic units outside the C60 cage.
Similar processes are discussed by Wineckiet al. @16,17# in
order to explain neutralization of slow Arq1 ions after graz-
ing reflections above a graphite surface. The neutraliza
probability was shown to be close to 1 and independent oq.
Winecki et al. @16,17# argued that the efficient neutralizatio
processes of projectiles withL- and K-shell vacancies were
due to decay processes sufficiently fast to allow repea
filling of the M shell during the close~above-surface! inter-
action with graphite. That is, fast sequences of~mainly!
LMM Auger decays are supported by continuing reson
over-the-barrier transfers to theM shell. The relevant Auge
lifetimes are sensitive to the number of electrons in theL and
M shells,nL and nM , through the expression~see@17# and
references therein!

t5
250310215

~82nL!nM~nM21!
s ~7!

for nM>2. A key point is that all projectiles interact close
with the flat surface during fairly large parts of their traje
tories and for fairly long times, of the order of 10 fs.
contrast, a C60 molecule has a curved surface and the proj
tiles will only occasionally come close enough for dire
over-the-barrier transfer to theM shell. Even then, trajecto
ries are typically only sufficiently close during times of th
order of a few tenths of a femtosecond. With, e.g., a h
filled L shell, t ranges fromt530 down tot51 fs when
the number of electrons in theM-shell increases fromnM
52 to nM58. Thus, the time-bottleneck limitation preven
efficient filling of the projectile inner shells from C60. Still,
we know from the measurements of Martinet al. @21# that
large amounts of electrons are emitted during very brief
teractions between highly charged ions and C60.

Here, we argue that strong electron emission from C60, in
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the absence of efficient projectile neutralization, may
qualitatively explained in the following way: The projectile
are neutralized on the incoming trajectory, and according
the simple model discussed here, the last of theq active
electrons transfers at a distance of 3 –4a0 above the C60 sur-
face for all q ~see Fig. 5!. For highq, several intermediate
shells are left empty (neff

(18)'6 in Fig. 6!, and if the projectile
charge, e.g.,q518, is not fully screened by the 18 activ
electrons, electron transfer will continue as the projectile
proaches. As a consequence, the outer electrons in the
low atom will be dissipated on a very short time scale as th
no longer experience a positive effective projectile co
charge.

V. CONCLUSIONS

We have investigated electron transfer and stabilization
slow Arq1-C60 collisions for projectiles with charge state
ranging fromq54 to q518. For large impact parameter
the picture is the following: As the projectile approaches
C60 target, electrons transfer sequentially from theoutermost
molecular target orbital to the projectile. This may be d
scribed as over-the-barrier processes, and the numbe
transferred electrons,r, is given by the projectile charge an
the impact parameter. The hollow ions/atoms that are form
in this way decay~mainly! after the collision and leave on
or, at most, a few electrons,s, stabilized on the projectile
These processes typically account for more than 80% of
total electron-capture cross section, and we conclude
Arq1-C60 collisions are dominated by atomlike behavior. E
perimentally, we find that the relative distributions ons only
depend very weakly onq for s<4. That is, the relative prob
abilities fors51, 2, 3, or 4 are not strongly dependent on t
number of projectileK-, L-, andM-shell vacancies.

For small impact parameter Arq1-C60 collisions, the pic-
ture becomes more complex: Sequential, over-the-bar
electron transfer from the outermost C60-target orbitals pro-
ceeds along the approaching trajectory. In our model, we
that full initial neutralization for allq is reached at distance
3 –4a0 above the C60 cage, thus completing the initial hollow
atom formation. The sequence of effective quantum numb
for the six electrons initially neutralizing, e.g., Ar61 ranges
from neff

(1)56.1 for the outermost toneff
(6)53.1 for the inner-

most one. In contrast, the effective quantum states for, e
Ar141 with six L vacancies ranges fromneff

(1)511 to neff
(14)

55.5. Thus, direct population of theM shell seems to occu
only for argon projectiles withoutL holes as supported b
similar increased stabilization probabilities for Arq1-Ar @25#
and Arq1-He @26,27# collisions withq<8. A surprising en-
hancement in stabilization is observed also for Ar101- and
Ar111-C60 collisions. This effect is due to energy resonanc
between the carbonK and the argonL shells at Ar-C dis-
tances around one atomic unit in a similar way to that o
served by deNijset al. for C61-Ar collisions @22#. For q
>12, however, the carbonK-shell energies become resona
with the argonM shells at distances that are larger than tho
for L-shell transfer and thus the latter are blocked, givi
lower and nearly constant stabilization probabilities f
high q.
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We have shown that the interaction times within clo
distances in general are too short~subfemtoseconds! to allow
side-feeding and Auger decay to fill inner-shell vacanc
from C60 in the same way as from, e.g., a graphite surfa
Still, in spite of this limited time and the surviving inne
shell holes, the filling of intermediate shells ofhollow atoms
offers a qualitative picture of how outer electrons may
effectively dissipated through screening of the projec
charge. We believe that this is the main cause for str
electron emission in close interactions between hig
charged ions and C60.
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