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Electronic response of C60 in slow collisions with highly charged ions
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We present measurements of projectile angular differential cross sections,ds/du, and mean projectile
energy gain or loss,DEmean, as functions of the numbers of electrons stabilized on the projectile in 16- and
26.4-keV Ar811C60→Ar(82s)11C60

r 11(r 2s)e2 collisions. These results are discussed in view of two
models of the electronic response of C60. In the infinitely conducting sphere model the charge mobility is
sufficiently high in order to average out all effects of localization of individual charge carriers. In the movable-
hole model ‘‘positive holes’’ are assumed to be localized as point charges in their equilibrium positions on the
‘‘molecular surface’’ within the times~down to 10216 s! between sequential over-the-barrier electron trans-
fers. The two sets of predictions foru are close forr<8, and for r<5 they are also in agreement with
experimental results indicating ultrafast electronic response of ionized C60. For r .5, both models underesti-
mateu and therefore we have developed Monte Carlo calculations for close collisions with individual carbon
atoms in C60. The energy gain first increases withs, has a flat maximum arounds54 and yields mean energy
lossDEmean522065 eV for s57. The measured fragmentation spectrau(s) andDEmean(s) may be par-
tially rationalized by combining each of the two smooth-sphere models with the Monte Carlo calculations for
close collisions.

PACS number~s!: 34.70.1e, 34.50. Fa, 36.40.2c
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I. INTRODUCTION

The issue about the electric response of a C60 molecule
interacting with a slow highly charged ion relates directly
the ideas of using fullerenes and nanowires as build
blocks for novel nanoelectronics. It is well known that t
electrical properties of fullerene materials depend on the
tails of the geometrical and molecular structure and, in
case of fullerite, on the doping with foreign atoms. For su
different parameters fullerene materials may be isolati
semiconducting, conducting, or even superconducting
fairly high critical temperatures@1#. In fullerite, the C60 mol-
ecules form a very loosely bound van der Waals crystal
the individual molecules are only slightly perturbed by th
neighbors. The low conductivity of the crystal may thus
understood in terms of the completely filled highest occup
molecular orbital ~HOMO! level of C60. This situation
changes drastically when the crystal is doped with alk
metal atoms in exohedral and endohedral positions. E
trons are then donated to the lowest unoccupied molec
orbital band through charge transfer and the conductivity
the crystal may be increased drastically depending on
number of donating atoms per C60 molecule@1#.

*Present address: Uppsala University, Uppsala, Sweden.
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In the present work, we instead remove electrons from
HOMO level of individual C60 molecules in gas phase an
in a sense, one would expect the ‘‘electrical conductivity’’
the molecule to be affected by the number of electrons in
outermost molecular orbital. In the present experiments,
or several electrons are transferred from C60 to slow Ar81

projectile ions in single collisions at 16 and 26.4 keV:

Ar811C60→Ar(82s)11C60
r 11~r 2s!e2. ~1!

The number of electrons stabilized on the projectile ran
from s51 to s58 and the total collision time during which
r electrons are removed from the target is about 10 fs.

We have measured projectile angular differential cro
sections ds/du, mean projectile energy gain or los
DEmean, and fragmentation patterns as functions ofs. These
results will be discussed within two different classical ove
the-barrier models in which the electrons are transferred
quentially with time separations of 0.1–1 fs. In the infinite
conducting sphere~ICS! model, the electronic response tim
is infinitely short, i.e., the electronic motion averages out
effects of localization of individual charge carriers. In th
model with r positive and localized holes moving on ‘‘th
surface’’ of C60

r 1 the charge mobility can be controlled
This is done by adjusting the time required to reach n
equilibrium charge configurations after each~sequential!
©2000 The American Physical Society12-1
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electron transfer. A response time of 10216 s in the movable
hole ~MH! model is found to yield results in agreement wi
experiments and the ICS model for small and moderater (r
<5).

The first investigation of the interaction between high
charged ions and C60 was performed by Walchet al. @2# for
80-keV Ar811C60 collisions. It then immediately becam
evident that slow highly charged ions are very efficie
means for cold multiple ionization of fullerenes. The cro
sections for producing stable, or at least metastable, and
tact C60

r 1 with r ranging up to six were found to be larg
@2#. Two years later this result was underscored by Jinet al.
@3# who measured intact C60

91 produced by slow Bi441 im-
pact. Very recently, Huber and coworkers@4# were able to
show that C60

101 produced by Xe251 impact are metastabl
with lifetimes in thems range. A further very intriguing re
cent result is thatr may exceed the projectile charge by
factor of 3 for q.30 in slow fragmenting Xeq1-C60 colli-
sions@5#.

Thumm et al. @6# used the dynamical classical over-th
barrier model for a metal~infinitely conducting! sphere to
calculate translational energy gain mainly in good agreem
with measurements by Selberget al. @7#. This concept has
also been used to successfully account for critical elec
transfer distances@8#, the polarizability of C60 @9#, surface
plasmon excitation in collisions with electrons@10#, the se-
quence of ionization potentials@11#, and radiative cooling of
hot C60

2 @12#. A general model, in which the C60 molecule is
treated as a dielectric sphere, has been developed by Ba´rány
and Setterlind@13#. This model was later used in order
calculate translational energy gain spectra for relative die
tric constants betweene r51 ~insulating sphere! and e r5`
~infinitely conducting sphere! @14#.

In 1995, Shenet al. @15# measured large cross sections f
nonfragmenting single, and double-electron capture
fullerene-fullerene collisions (C60

q1-C60). Electrons may
thus obviously be transferred at distances large enoug
avoid strong direct interactions between the molecular ca
Shenet al. @15# invoked the model with movable and loca
ized charges to rationalize their results. This model has
been used in order to account for charge-insensitive elect
capture cross sections in near thermal collisions betw
multiply charged fullerenes and various atoms@16,17#. Fur-
ther, Sheier, Du¨nser and Ma¨rk @18# used a similar idea in
order to explain the weakq dependence of the critica
C58

q1-C2 distances for electron transfer in the auto char
transfer fragmentation process C60

q1→C58
(q21)11C2

1 .
The infinitely conducting-sphere and the movable-h

models have thus both been successfully used to accoun
various experimental observations. In the present study
find, nevertheless, that the two seemingly very differ
models yield similar predictions foru(r ) and DEmean(r ).
For small and moderate values ofr both models are in good
agreement with the experimental results, while their val
for u at larger lie far below the measurements. These d
crepancies are, at least partly, accounted for by including
effects of close collisions, i.e., we take the scattering on
dividual Carbon atoms in the C60 molecule into account.
02271
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The experimental techniques employed to meas
ds/du, DEmean and absolute cross sectionsss as func-
tions of s are described in Sec. II A. In Sec. II B we accou
for the methods to measure the total~integrated overs and
DE) and thes-selective fragmentation spectra. In Sec. III
we give a detailed account for the present version of
infinitely conducting-sphere model, which is similar to b
simpler than the one used by Thummet al. @6#. The details of
the model with movable and localized charges on a smo
sphere are presented in Sec. III B, while the Monte Ca
calculations for close collisions are described in Sec. III
The experimental results forss , ds/du(s), DEmean(s),
and the fragmentation are discussed in view of the ICS~in-
finitely conducting sphere! and the MH~movable hole! mod-
els, with and without the contributions from close collision
in Secs. IV A-IV C. Finally in Sec. IV D, we discuss frag
mentation in view of the statistical model by Campbell, Ra
and Levine@19# and recent results by Schlatho¨lter et al. @20#.

II. EXPERIMENTAL TECHNIQUES AND PROCEDURES

A. Measurements ofds/du and DE

The Cryogenic Electron Beam Ion Source at the Man
Siegbahn Laboratory in Stockholm was used to provid
beam of highly charged Ar ions. A double-focusing analy
ing magnet separated its Ar81-ion component at an energy o
26.4 keV. The Ar81-ion beam was collimated by two sets o
apertures to an angular definition ofdu560.015 ° before it
entered a C60-cell of 30 mm length and entrance and ex
apertures of 1.0 and 1.5 mm, respectively. This yielded
overall measured angular resolution of60.02 °. Care was
taken to operate the cell in a temperature interval~410–
420 °C) giving a total charge-exchange yield below 10
which made corrections for double and background co
sions small but not insignificant. The charge exchange w
the background gas was measured at a cell temperatur
300 °C.

In order to be able to measure the angular and ene
distributions resulting from the various electron transfer p
cesses, three different analyzing systems were used~see Fig.
1!. Each systemA-C was preceded by the same 300-mm
long, field-free, drift region after the cell. SystemA consisted
of a 180 ° cylindrical energy analyzer of radius 150 m
followed by a two-dimensional position-sensitive detect
The angular acceptance of systemA wasDuA560.5 ° and
the cylindrical analyzer is only focusing the beam in o
direction.

From the resulting image on the detector we extrac
ds/du(s) for s ranging from one to seven, i.e., for process
in which the incident Ar81 ions stabilize up tos57 elec-
trons for ~at least! the duration of their passage through t
energy analyzer~which takes about 1ms). The focusing of
the cylindrical analyzer distorts the images on the detec
rather strongly as can be seen in the upper right part of
1. The angular differential cross sections could, however
obtained by means of off-line sorting of the detector ima
part inside a bow-tie aperture~defined byg in Fig. 1! ori-
ented along the nonfocusing direction. Due to the strong
tortion, it was necessary to keep the opening angleg of the
2-2
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ELECTRONIC RESPONSE OF C60 IN SLOW . . . PHYSICAL REVIEW A 61 022712
bow-tie small (g510 °), which limited the statistical quality
of the resultingds/du spectra. In order to cope with thi
problem and to be able to measure the angular distribu
also for neutralizing collisions (s58) we also used system
B. This system consisted of a set of 100-mm-long strai
deflection plates followed by a drift region of length 540 m
terminated by a movable position-sensitive detector. The
ferent outgoing final projectile charge states,q8582s, were
dispersed on the detector by means of different deflec
voltages making the Arq81-ion beam of interest deflect abou
10 °. For the neutralized projectiles~outgoing Ar atoms!, the
detector was placed in the straight forward direction and
charged particles were deflected away by a high voltage
the plates. The angular acceptance of systemB was DuB5
61.0 °.

Finally systemC was used in order to measure mode
resolution translational energy-gain distributions for p
cesses with up to seven stabilized electrons (s51 –7!. Sys-
tem C was similar toA except that the cylindrical analyze
was replaced by a double-focusing hemispherical one w
the same radius~150 mm!. An einzel lens was introduced i
front of the analyzer in order to focus the beam to a sm
spot on the detector. Thus, the kinetic energy distribution
the seven outgoing Arq81-ion beams could be better re
solved.

B. Measurements of fragmentation spectra

The time-of-flight spectra of fragmenting and intact C60
r 1

recoil ions were measured in coincidence with the outgo

FIG. 1. The three different experimental techniquesA, B, andC
used to measureds/du and mean values of energy gain/loss
functions ofs in Ar81-C60→Ar(82s)1- . . . collisions at 26.4 keV.
The images on the detector for thes56 process are shown to th
far right, where the bow-tie apertures, with opening anglesg, indi-
cate the areas used for extraction ofds/du. The distances from the
center of the bow tie are used to calculateu for each event taking
the focusing of the respective analyzing system into account.
detector image for systemC is shown with the einzel lens off, while
this lens was turned on for theDE measurements.
02271
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projectile charge state (q8582s) for 16-keV Ar81-C60 col-
lisions. These measurements were performed at C
Grenoble in France and the technique also allowed
energy-gain selective recording of the fragment spectra
various values ofs. Measurements of the latter kind are r
ported in a separate paper~Opitz et al. @21#!. The data dis-
cussed here, however, are obtained by~i! averaging over all
values ofs and energy gain or loss and~ii ! by averaging over
theDE distributions for individual values ofs (s51, 2, 3, 4,
and 6!. For a schematic of the setup and details of the
perimental technique we refer to Opitzet al. @21# and here
we will only give a brief description of the most importan
parts.

A beam of 16-keV Ar81 is provided by a 14-GHz ECR
source and a double-focusing bending magnet. This be
was then passed through an energy monochromator con
ing of two hemispherical electrostatic analyzers, lenses,
slits by which the incident Ar81-ion beam energy was de
fined to aboutdE5610 eV. The beam then crosses with a
effusive C60 jet and the point of intersection is situated in th
extraction region of a 250-mm-long time-of-flight mass spe
trometer. This spectrometer is terminated by a multichan
plate~MCP! detector at which the intact recoils or fragmen
have energies of 6-keV times their charge. The angular,
ergy, and charge-state distributions of the scattered pro
tiles are analyzed by means of a set of two hemispher
analyzers in series that may be rotated around the scatte
center. The data that will be shown here are all obtained
the forward direction with the angular acceptanceDu5
60.3 °.

In method~i! the Ar81-ion beam and the extraction volt
age were pulsed in order to obtain the total fragmentat
spectra. The start signal for the time of flight was provid
by the extraction pulse and care was taken to allow the p
jectile beam to pass through the extraction region before
extraction pulse was switched on. The rates of detection
the various intact ions and fragments were investigated
functions of the time between the passage of the projec
ions and the extraction pulse, the extraction, and drift vo
ages in the time-of-flight spectrometer and the front bias
the MCP detector. Saturations of the detection efficiencie
functions of all these parameters were found, except for C2

1

which is known to have a high kinetic energy from the fra
mentation process@18#. The data acquisition system allowe
for multihit registration of fragments and therefore we me
sure the true relative production cross sections for the in
vidual fragments and the intact molecules. The statistics
the different multihit events may of course be used to der
more information on the charge-exchange and fragmenta
processes. This will, however, be discussed in a sepa
paper~Opitz et al. @22#!.

The fragment spectra for individual values of the numb
of electrons stabilized by the Ar81-ion projectile after the
collision are obtained with a different technique, method~ii !.
The Ar81-ion beam is now continuous and the recoil io
extraction voltage is fixed. The analyzer voltages are scan
many times over the completeDE distributions for the dif-
ferent values ofs while the time-of-flight spectra are re
corded.

e

2-3
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III. MODELS OF HCI-C 60 INTERACTIONS

A. Highly charged ions scattering on an infinitely conducting
sphere

In this first model, we follow Walchet al. @2,23#, Thumm
@8#, Thumm et al. @6#, and Bárány and Setterlind@13#. We
assume that C60 is an infinitely conducting sphere with it
radiusa58.2a0 given by the consensus value for the pola
izability of the C60 molecule (543a0

3) from Scheidermann
et al. @9#. When an ion of chargeq is brought near the
sphere, the conduction electrons are attracted by the ion
an inhomogenous surface-charge distribution is created.
electric field inside the sphere is zero~it is infinitely conduct-
ing! and on the outside it can be calculated easily by me
of the method of electrostatic images@24#. The crucial point
here is that the sphere surface must remain an equipote
surface for all~sufficiently large! distancesR between the ion
and the center of the sphere. This criterion leads to
unique solution for the magnitudeq852qa/R and the posi-
tion R85a2/R of the image charge~see Fig. 2!.

Further, in order to conserve the total charge an equ
large positive charge2q851qa/R must be placed in its
center~the only position compatible with the equipotenti
surface condition!.

The electric field from the infinitely conducting spher
with its inhomogenous surface-charge distribution, at the
sition of the ion is exactly

E~R!5
q8

~R2R8!2 2
q8

R2 , ~2!

and the force on the ion thus becomes

Fq~R!5qE~R!5
aq2

R3 2
aq2R

~R22a2!2 . ~3!

Fq(R) is always attractive and we calculate the work
quired to moveq from R(.a) to infinity as

Wq52E
R

`

FqdR52
1

2S aq2

R2 2
aq2

R22a2D . ~4!

Thus, the electric potential at the position of the ion is giv
by Uq5Wq /q. For largeR, Eq. ~4! can be approximated b
Wq'2a3q2/2R4 where a5a3 is the static dipole polariz-
ability of the sphere.

We further assume that the work function of the neut
infinitely conducting sphere is equal to the first ionizati

FIG. 2. An ion of chargeq at a distanceR outside an infinitely
conducting neutral sphere of radiusa. The position of the image
chargeq852aq/R is given byR85a2/R. An equally large posi-
tive charge2q851aq/R is positioned in the center of the sphe
~cf. text!.
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potential of C60, denoted byI 1. In the presence of the ion
the energy required to ionize the sphere is shifted accord
to

I 1* 5I 11q/R. ~5!

This is due to the shift in the electric potentialf, which is
common for all points belonging to the sphere. We can,
example, calculatef for the point on the surface closest
the ion as

f5q/~R2a!1q8/~a2R8!2q8/a5q/R. ~6!

The critical distanceR5R1 at which the first electron may
leave the sphere is assumed to be given by the classical o
the-barrier criterionUe

1(max)5I 1* , whereUe
1(max) is the

maximum of the potentialUe
1 seen by the first active electro

when it moves towards the projectile. This potential can
expressed in terms of the electrons interaction with the p
jectile ion and its induced charges (q8 and2q8), the net11
charge of the sphere~represented by a point charge in i
center! and the electrons self-induced image. We thus ha

Ue
152

q

R2x
2

q8

x2R8
1

q821

x
1

1

2 S a

x2 2
a

x22a2D , ~7!

where x is the position of the electron with respect to th
center of the sphere. The case with the electron atx5x1, i.e.,
at the top of the barrier is shown in Fig. 3

When the first electron is transferred to the projectile,
force on the ion changes abruptly according to the n
charge distribution. We assume that the initial project
chargeq is fully screened by the electrons transferred fro

FIG. 3. The potential energy seen by the active electron at
first critical distanceR1 for electron transfer. The electron is at th
position x5x1 where the potentialUe

1(x) has its maximum
Ue

1(max). The potentialUe
1(x) is given byq and its image charge

q8, the net charge of the infinitely conducting sphere~11! and the
active electrons self-image potential. The image charges due to
ion and the electron areq852aq/R1 andqe85a/x1 at the positions
R85a2/R1 and x185a2/x1, respectively. The central charge is
2q82qe8511aq/R12a/x1 andqe521 in atomic units.
2-4
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ELECTRONIC RESPONSE OF C60 IN SLOW . . . PHYSICAL REVIEW A 61 022712
the infinitely conducting sphere. Thus, we introdu
R-dependent projectile and target charges according to

qp~R!5q2qt~R!, ~8!

whereqt(R) only can take integer valuesr. This is in accor-
dance with the assumptions made in over-the-barrier mo
for ion-atom@25# and ion-surface collisions@26–28#. In par-
ticular, it has been shown through measurements of the
age charge acceleration for highly charged ions interac
with a metal surface@29# that the projectile is neutralized in
a step-wise manner@28,30# consistent with Eq.~8!.

In analogy with Eq.~5!, the energy required to ionize a
(r 21)-times charged infinitely conducting sphere is

I r* 5I r1~q2r 11!/R, ~9!

in the presence of the projectile, of chargeqp5(q-r 11).
Accordingly, the Stark-shifted target level,I r* , has to reach
the top of the potential barrier created by

Ue
r 52

q2r 11

R2x
1

a~q2r 11!

R~x2R8!
2

a~q2r 11!

Rx

2
r

x
1

1

2 S a

x2 2
a

x22a2D ~10!

for the r th electron to be able to move to the projectile. T
sequence of ionization potentials for an isolated infinite
conducting sphere of radiusa is given by

I r5~r 11!/a, ~11!

which for a58.2a0 gives I r53.32(r 11) eV in fair agree-
ment with experimental ionization potentials@31,32#. In the
present calculation we have, however, chosen to foll
Walch et al. @23# and used the slightly different expressio
I r53.8513.39r , which they@23# in turn based on the Dirac
Fock-Slater calculations by Bastuget al. @33#.

After transfer of ther th active electron and for values o
R such thatRr 11,R,Rr , the force on the ion, now of
chargeqp5q2r , is

Fq2r5
~q2r !r

R2 1
a~q2r !2

R3 2
a~q2r !2R

~R22a2!2 . ~12!

We arrive at a series of eight sequential electron transfers
the incident projectile chargeq58 by setting Ue

r (max)
5I r* for r 51 through r 58. These distances all lie wel
outside the radius of the sphere (a58.2a0) and the radius of
the C60 cage of carbon nuclei (acage56.7a0). The first elec-
tron transfers atR1526.5a0, the second atR2521.4a0, and
the eighth atR8510.6a0. The projectile may thus be fully
neutralized in a single collision with an infinitely conductin
sphere even though full screening of the projectile charg
assumed. Note that the eighth electron is transferred
distance of about 4a0 above the C60 cage.

In the Monte Carlo calculations based on the infinite
conducting-sphere model, the impact parameters with res
to the center of the spherebC60

~cf. Fig. 4! are randomly
02271
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selected between preset minimum and maximum values
For each value ofbC60

, we follow the ion trajectory and

integrate the dynamically changing force taking theRr se-
quence of electron transfers into account. We calculate
projectile scattering angleu from the momentum transfer in
the direction perpendicular to the initial velocity vector. Th
momentum transfer in the longitudinal direction gives theQ
value of the reaction, which is very close to the project
energy gain or lossDE for a heavy target like C60. By run-
ning many such trajectories, we build the angular- a
energy-differential cross sections for specified target ioni
tion stages. At present, we will concentrate on the most pr
able values ofu and the mean energy gain or loss valu
(DEmean) as functions of the number of electronsr removed
from C60 @cf. Eq. ~1!#. These quantities are taken to be t
maxima inds/du and the mean values ofds/d(DE), re-
spectively.

The sequence of critical distancesRr and the energy reso
nance condition yield projectile binding energiesEB

r accord-
ing to

I r1
q2r 11

Rr
5EB

r 1
r

Rr
2

a~q2r 11!

Rr
22a2 1

a~q2r 11!

Rr
2

2
a

2Rr
2 1

a

2~Rr
22a2!

. ~13!

The left-hand side is the binding energy of ther th active
electron when the projectile is at the distanceRr . The right-
hand side is the resonant binding energy for the same e
tron localized to the projectile. The third and fourth terms
the right are the Stark shifts due to the image potential of
screened projectile charge (q-r 11). The two last terms are
due to the active electrons interaction with its own ima
charges when it is localized to the projectile. Note that E
~13! implies a quasicontinuum of projectile capture sta
since we assume that there always is a resonance wi
projectile capture state

EB
r 5

q22r 11

Rr
1

a~q2r 11/2!

Rr
22a2 2

a~q2r 11/2!

Rr
2 1I r

~14!

when R5Rr . The lower bound for the totalQ value for
transfer ofr electrons thus becomes

Q~r !5(
i 51

i 5r

~EB
i 2I i !. ~15!

FIG. 4. Definition of the impact parameter with respect to t
center of C60: bC60

.

2-5
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Evaluation of Eq.~15! gives results in close agreement wi
those obtained by integration of the dynamically chang
forces in the longitudinal direction. The effective quantu
number for the first active electron isne f f

1 5qA1/2EB
1'7.7

according to Eq.~14!. Taking the finite density of projectile
capture states into account this indicates that then57 state
should be dominant in pure single-electron capture, whic
confirmed by experiments@7,21#. We finally note that Eq.
~14! reduces to the corresponding expression for ion-a
collisions whena→0 @34#.

B. Highly charged ions scattering on a sphere
with movable point charges

In this second model we follow Shenet al. @15#, Petrie
et al. @16#, and Cameron and Parks@17# and assume that th
positive holes left behind on ionized C60 are movable on the
molecular surface in a localized fashion. Schematics of
presently assumed mechanisms are indicated in Fig. 5.

When the projectile is at a distanceR>R1 from the center
of the sphere, the binding energy of the first active elect
to the positive hole on the surface of the sphere with rad
a58.2a0 is

I 1* 5I 11q/~R2a!. ~16!

The positive hole is assumed to be localized closest to
projectile during the time it takes for the electron to mo
from the sphere to the ion. When the electron has reached
projectile, the positive hole moves towards the position t
minimizes its potential energy. For a single hole (r 51) this
position is obviously at the far side of the sphere. For d
tancesR that are small enough to allow two electrons to
removed from the sphere (r 52) the equilibrium configura-
tion forms a triangle with its corners at the two holes and
ion. Three holes on the surface (r 53) have a minimum of
potential energy if they form an equilateral triangle with
surface normal pointing towards the ion. Thus the proble
of finding theR-dependent forces on the holes and the
become three dimensional when more than two electrons
active.

FIG. 5. Illustration of the model with movable and localize
charges as the first, the second, and the third electron is transf
to the ion. The projectile charge seen by the first, second and
active electron isqp5q, qp5q21, andqp5q22, respectively~cf.
text!.
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First, we perform a single-trajectory calculation wi
bC60

50 in order to determine the sequence of critical d
tances for electron transfer. We again assume full scree
of the projectile charge. The energies required for ionizat
in the presence of the ion are given byI r* 5I r1qp /(R2a)
with qp5q2r 11. We follow the head-on trajectory (bC60

50) and solve the equations of motion for the holes and
projectile numerically. Oscillations in the hole positions a
inherent in this model since the holes are always create
nonequilibrium positions~i.e., closest to the projectile!.
Therefore we have introduced a damping term for the h
motion, which has its physical basis in the scattering of m
ing charge carriers on electrons and nuclei~the electrical
‘‘resistance’’!. The critical distancesRr are calculated by
means ofI r* and the electronic potentials between the tar
and the projectile. The latter are evaluated for the num
cally determined positions of ther 21 holes, the projectile
and the ‘‘11’’ hole fixed on the surface closest to the pr
jectile. The damping is chosen in order to allow the holes
find their equilibrium positions between sequential electr
transfer events. For the present projectile velocity ofv
;0.2 a.u. the times between the critical distancesRr lie in
the range 0.1–1 fs, which implies hole-rearrangement tim
of the order of 10216 s or faster. In view of orbital velocities
(;1 a.u.) and the distances over which the charge carr
~holes! have to move (;10a0) this appears reasonable.

The first electron leaves the target atR1532.1a0, the sec-
ond at R2523.8a0 and the eighth atR8511.4a0. This Rr
sequence is remarkably similar to the one for the infinit
conducting-sphere model as can be seen from the com
son in Fig. 6. The ICS model correctly accounts for pol
ization effects through the image charges, whereas no s
effects are explicitly included in the movable-hole mod
The positioning of the positive holes on the sphere surf
are, however, able to give a fair representation of the elec
field outside the sphere. This field becomes more simila
the electric field of the ICS model asr, the number of holes
increases~cf. Fig. 6!.

The projectile angular scattering distributions are obtain

red
rd

FIG. 6. The critical radii for electron transfer;Rr , according to
the infinitely conducting-sphere~ICS, black circles! and the
movable-hole~MH, gray squares! models. The lines between th
data points are to guide the eye.
2-6
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ELECTRONIC RESPONSE OF C60 IN SLOW . . . PHYSICAL REVIEW A 61 022712
by means of Monte Carlo calculations. For each trajecto
we solve the equations of motion for the projectile and
holes together taking the damping of the hole motion i
account. As for the infinitely conducting-sphere mod
ds/du(r ) are calculated by integrating the transversal m
mentum transfer to the projectile along many randomly
lected trajectories. Again, theQ values are obtained by inte
grating the dynamically varying forces along the longitudin
direction.

The movable-hole model implies marginally largeru than
the infinitely conducting sphere model as can be seen in
7. In this figure, we have also included the energy-sca
results by Walchet al. @23# in which ds/du were recorded
in coincidence withintact C60

r 1 molecular ions (r 51 –5!.
These authors@23# also performed calculations based on
more elaborate version of the infinitely conducting-sph
model @8#. The results of Ref.@23# are in good agreemen
with both sets of present calculations after scaling w
E0u5const fromE052.5 keV toE0526.4 keV.

In Fig. 8, we show the present two model predictions
DEmean(r ). The differences are minor and the agreem

FIG. 7. The most likely scattering anglesu as functions of the
number of active electrons~r! according to the infinitely
conducting-sphere~ICS, black circles! and the movable-hole mode
~MH: gray squares!. Energy-scaled experimental values by Wal
et al. @23# measured in coincidence with intact~i.e., nonfragment-
ing! C60

r 1 molecules are shown as gray triangles forr 51 –5. The
lines are to guide the eye.

FIG. 8. Q values, obtained by integration of the forces along
ion trajectories in the infinitely conducting-sphere~ICS, black
circles! and the movable hole~MH, gray squares! models. The
model results by Thummet al. @6# are shown as gray triangles. Th
lines are to guide the eye.
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with Thummet al. @6# is good in the regionr 51 –5. In con-
trast to Thummet al. @6# and Walchet al. @23# we work with
quantized charges, neglect recapture to the target, and a
the projectile to approach closer than the distance ins
which fragmentation occurs@2#. The rational for the latter
assumption is that the fragmentation time scale usually
much longer than the collision time. We thus find that it
possible to transfer eight electrons~sequentially! at distances
well outside the radius of the model sphere when full scre
ing of the projectile charge is assumed.

The electronic binding energies for the movable-ho
model are related to theQ value through Eq.~15!, which is a
general expression used also for the infinitely conducti
sphere model. Both models predict capture into then57
shell in Ar81-C60→Ar71-C60

1 collisions. As mentioned
above, this has been established experimentally first by
berget al. @7# and later by Opitzet al. @21#. This conclusion
is also supported by calculations by Thumm@8# and Bárány
@14#.

C. Monte Carlo calculations of close collisions

The infinitely conducting-sphere and movable-hole mo
els both assume that the C60 molecule can be viewed as
completely smooth sphere. Therefore, we have also ca
lated the projectile scattering angles and energy gains
losses due to short-range interactions with the elect
clouds and the nuclei of the 60 individual carbon atom
Following Larsenet al. @35#, we have used well-known for
mulas for electronic and nuclear stopping for this purpos

The impact parameters with respect to the center of
C60 molecule,bC60

~cf. Fig. 4!, are selected by means of
random-number generator. Three other random-number
erators ensure that all orientations of the C60 molecule are
equally likely just as in the real experiment. For each traj
tory, atomic impact parametersbk with k ranging from 1 to
60 are calculated for a randomly oriented C60 molecule. The
total electronic energy transferTel is obtained as the sum o
the individual energy transfersTk

el , as given by the Firsov
formula @35–37#. The total nuclear stopping powerTNuc is
the sum of 60 energy lossesTk

Nuc due to scattering on Ar-C
Molière potentials with the screening lengthsas50.25 a.u.
@38,39#. The Molière potential is also used to evaluate t
sixty momentum-transfer vectors which give the total proje
tile scattering angle for close collisions.

In Fig. 9, we show Monte Carlo results for 16- and 26.
keV Ar-C60 collisions.

The results forTNuc as functions ofbC60
are given in the

upper row. Each dot represents the result for an individ
trajectory and, thus, the densities of dots are representa
for the probabilities for the corresponding values of the e
ergy loss. Note that a given value ofbC60

may give rise to

drastically different values ofTNuc , due to different orienta-
tions of the C60 molecule. The curves in the upper row o
Fig. 9 represent mean nuclear energy losses, which are ra
constant for trajectories well inside the cage radius (acage
56.7a0) and rise sharply when the atomic density increa
asbC60

approachesacage ~cf. Fig. 10!.
2-7



ica

in

u
,

sov

or-

c-
ally
di-

only
ons
gy

he

e

-

r-

r

tra
due

re
and
the

ela-
aks

se
f

an
e

in
am

ons

se-

H. CEDERQUISTet al. PHYSICAL REVIEW A 61 022712
The mean nuclear energy loss isnot representative for the
typical event since a few very hard collisions~very smallbk)
contribute strongly to the mean value. Instead, the typ
fate of a projectile passing through the C60 molecule is that it
only loses a small amount of energy due to nuclear stopp

The results for the electronic energy lossTel are shown in
the second row of Fig. 9. Also here the mean values~curves!
are rather constant for trajectories well inside the molec
and increase whenbC60

approachesacage. The edge effect is

FIG. 9. Results from the Monte Carlo calculations for clo
collisions: Ar impact on 60 C atoms arranged in the geometry o
C60 molecule. Results for 16 and 26.4 keV are shown in the left
right columns, respectively. From the first to the fourth row w
show as functions ofbC60

; nuclear energy lossTNuc , electronic
energy lossTel , projectile scattering anglesu, and the total energy
loss Ttot

loss for a limited angular acceptanceu,uacc . In each case
33106 trajectories have been launched and the densities of po
are representative for the probabilities of the corresponding par
eter values. The curves show the mean values.

FIG. 10. The atomic thickness as a function ofbC60
for a single

C60 molecule.
02271
l

g.

le

however, much less pronounced forTel than forTNuc . The
electronic energy loss, calculated by means of the Fir
formula @37#, remains significant out to a fewa0 outside the
molecule. The individual results forTel fall closer to the
mean value asbC60

increases forbC60
.acage since the ori-

entation of the molecule then gradually becomes less imp
tant.

The third row of Fig. 9 shows the distributions of proje
tile scattering angles. Again the mean values are not re
representative for the typical scattering that instead is in
cated by the high density of points at low values ofu. The
relevant experimental acceptance angles are shown and
trajectories below these lines should be used for comparis
with experiments. The fourth row displays the total ener
lossTtot

loss, which is the sum ofTNuc andTel for each trajec-
tory inside the acceptance angle (u,uacc). Clearly, the finite
values ofuacc discriminate against trajectories close to t
periphery of C60.

In Fig. 11, we showds/du calculated by means of th
Monte Carlo results foru(bC60

) ~cf. Fig. 9!.

There are strong increases inds/du at certain threshold
valuesu5u th for both energies, which reflect the upper im
pact parameter chosen for the calculations@the range is~0–
9.5)a0#. The low intensities foru,u th are due to trajectories
passing through C60, a conclusion that we arrive at by pe
forming calculations withbC60

,acage yielding wideds/du

distributions that tend to zero asu→0. ForbC60
.acage, we

only get contributions tods/du for u.u th . The results for
ds/d(DE), based onTtot

loss(bC60
) for the impact paramete

interval,~0–9.5)a0, are also shown in Fig. 11. These spec
have two components; the humps at lower energies are
to collisions inside the C60 cage while the sharp peaks a
due to outside trajectories. The dips between the humps
the peaks are due to scattering close to the periphery of
molecule giving angles larger than the acceptance. The r
tive intensities and the energy losses for the smaller pe

a
d

ts
-

FIG. 11. The angular and energy differential cross secti
ds/du andds/d(DE) as functions ofu and the ion energyE after
the collision. The results are calculated by means of randomly
lected trajectories in thebC60

interval ~0–9.5)a0. The acceptance
angles are60.3 ° and61 ° for 16 and 26.4 keV, respectively.
2-8
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ELECTRONIC RESPONSE OF C60 IN SLOW . . . PHYSICAL REVIEW A 61 022712
decrease with decreasing collision energy. We conclude
ion trajectories through the molecule are likely to give rise
large energy losses~dominated by electronic energy los!
and a rather wide range of scattering angles starting fromu
50. Trajectories closely outside C60, on the other hand, give
rise to smaller energy losses but larger scattering angleu
.u th).

In Fig. 12, we show a comparison between the prese
calculatedds/d(DE) and corresponding measurements
100-keV Ar31-C60→Ar1-••• collisions by Larssonet al.
@40#.

The model results have not been convoluted with the
perimental beam-energy spread.

The calculation is made with an angular acceptance
60.5 ° ~the same as in the experiment by Larssonet al. @40#!
and an impact parameter interval (0 – 9.5)a0. The compari-
son strongly indicates that the low-energy tail in the expe
mental distribution is due to trajectories through or clos
outside the periphery of C60. The calculation is, however
unable to reproduce the largest energy losses within the
perimental angular acceptance. This is most likely due t
somewhat inadequate representation of the electron de
and thus the electronic energy loss some distance ou
acage.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Absolute charge-exchange cross sections
and charge-state fractions

The present total charge-exchange cross section

s tot5(
s51

8

ss56.6310214 cm2 ~17!

is larger than the ones by Walchet al. at 80 keV @2# and
Selberget al. at 27 keV @7#. The latter,s tot5(4.661.4)
310214 cm2 @7# was obtained by means of the beam
attenuation method using setupC in Fig. 1 @7#. The infinitely

FIG. 12. Monte Carlo calculations ofds/dE for close Ar-C60

collisions@bC60
: (0 –9.5)a0] at 100 keV~gray curve!. The experi-

mental results~black curve! for 100-keV Ar31-C60→Ar1 are from
Larssonet al. @40# with Du560.5 °.
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conducting-sphere and the movable-hole models pre
s tot

ICS5pR1
256.2310214 cm2 and s tot

MH5pR1
259.1

310214 cm2, respectively, and the present experimental
sults thus appear to favor the former prediction. Howev
the absolute cross-section scale has an uncertainty of rou
650% stemming from a spread in the literature values
the vapor pressure of C60 @41–44#.

In Fig. 13 we show the presents-selective cross section
@cf. Eq. ~1!# in comparisons with results by Walchet al. @2#
and Martinet al. @45#.

The present cross sections and the ones by Walchet al.
@2# rely on the C60 pressure by Abrefahet al. @44#, while the
results by Martinet al. @45# at 56 keV have been normalize
by means ofs tot5(4.461.8)310214 cm2 @2#. Our data
were obtained with setupB ~cf. Fig. 1!, which allowed for
detection of neutralized projectiles (s58) with an accep-
tance angle ofDuB561 °. Additional measurements with
the smaller acceptance of setupA (DuA560.5 °) yielded
consistent results fors51 –7.

The three sets of experimental results in Fig. 13 follo
similar trends as functions ofs. The hump arounds56 and
s57 appears in all three measurements, but is substant
weaker in the study by Martinet al. at 56 keV @45#. The
origin of the hump is related to theapproachof the charge-
equilibration condition for projectiles passing through
single C60 molecule. This was pointed out already by Wal
et al. @2# and the same conclusion was reached by Lars
et al. @40# in their interpretation of energy loss associat
with two-electron capture in Ar31-C60 collisions. The equi-
librium charge-state distribution is reached when the ioni

FIG. 13. Absolute cross sections for stabilizing one (s51)
through eight (s58) electrons for Ar81-ion projectiles colliding
with C60. Present results at the collision energy 26.4 keV~filled
circles!, results of Walchet al.at 80 keV~crosses! @2# and by Martin
et al. at 56 keV~filled triangles! @45#. All three sets of results rely
directly or indirectly on the vapor pressure of Abrefahet al. @44#
~cf. text!. The geometrical cross section of the C60 cage ~radius
acage56.7a0) is indicated by the arrow. The lines between the d
points are to guide the eye.
2-9
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tion and capture rates are equal, and its mean value de
the equilibrium charge. For Ar in carbon foils the latter qua
tity decreases from about 1 to about 0.5 when going fr
100 to 26.4 keV@46#. For a fully charge-state equilibrate
beam we would thus expect similar intensities for outgo
Ar1 and Ar0 at 26.4 keV, but this is clearly not the case~cf.
Fig. 13!.

There is no similar hump for large values ofs in the
s-selective cross sections for O81-C60 collisions @5#. This is
most likely due to the fact that O81, in contrast to Ar81,
carries K- and L-shell vacancies into the collision. Thu
electrons in theM shell of oxygen~but not argon! may be
efficiently emitted in downstream Auger relaxation pr
cesses.

In Fig. 14 we show the final charge-state distributions
Ar81 ions interacting with Ar, C60, a graphite surface, and
carbon foil.

The charge-state distribution for the Ar-ion target is o
tained at 80 keV by Aliet al. @47# and the C60 results are
from the present data at 26.4 keV. Wineckiet al. @48# mea-
sured the outgoing charge-state distribution for 51-k
Ar81-ions incident at 1.6 ° on a graphite surface. Finally, t
charge-equilibrium distribution for 100-keV Ar through
carbon foil was obtained from Turkenburget al. @49#. For the
C60 and the Ar-targets the charge-state distributions decre
in a similar way up tos54, while the charge-state fractio
for C60 is significantly larger than for the atomic target wh
s55. The C60 result resembles the one for the carbon foil f
s>6, which indicates that the hump for C60 is related to
projectile trajectories through, or close to, the nuclear str
ture of the molecule. We note again, however, that the n
tral component for the C60 collisions is lower than for the
charge-state equilibrium case and, thus, that this conditio
not fully reached for passage of a single C60 molecule.

FIG. 14. Projectile charge state fractionsf 8
s5ss /((s51

8 ss) as
functions of the number of electrons,s, stabilized on incident
Ar81-ion projectiles for different targets~cf. text!.
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B. Angular differential cross sectionsds/du

The absolute angular differential cross sectionsds/du for
processes~1! with s ranging from one to eight are shown i
Fig. 15.

The two sets of measurements are performed with
cylindrical analyzer~systemA in Fig. 1! and with the small-
angle deflector~systemB). The agreement is satisfying con
sidering the very different images on the detector forA andB
~cf. Fig. 1!. The results for setupA are double sided, i.e.
ds/du is measured both up and down in the vertical dire
tion ~the analyzer is focusing in the horizontal direction!.
The spectra obtained withB are only single sided due to th
asymmetry of the image on the two-dimensional detector~cf.
Fig. 1!. We deliberately chose this asymmetric pictu
caused by a slight misalignment of the gas cell, in order
increase the angular acceptance in one direction. The ag
ment between the two sets of results also shows that even
smaller acceptance angle of setupA was sufficient (DuA5
60.5 ° andDuB561 °).

On the average, the projectile scattering angles beco
larger ass increases. The shapes ofds(s)/du are symmetric
up tos55, but fors56, and in particulars57, they become
asymmetric with tails to the high-u sides. Typical scattering
angles are significantly larger for the neutralizing collisio
(s58) and the spread in scattering angles becomes lar
i.e., ds/du becomes wider. From the comparison of proje
tile charge-state distributions presented in Fig. 14 we h

FIG. 15. Absolute experimental angular differential cross s
tions ds/du for s51 –8. Two sets of results are shown; those o
tained with the methodB ~for s51 –8; black data points! and those
obtained with methodA ~for s51 –7; gray data points!. Note the
differences in cross-section scales for differents. The gray curves to
the left in thes57 ands58 figures are Monte Carlo calculation
for close collisions for thebC60

ranges~0–6! and~6–6.6)a0, respec-
tively.
2-10



,

e

et

ble
a

o

-
tly
e

ol
n
lli
n

e
ar
ll
e

n

ly
av

he

i-
ts
r
the

tion.
nd
de-
C

ture.
en
e-

m-
-

e-

ns

les

re

s

ELECTRONIC RESPONSE OF C60 IN SLOW . . . PHYSICAL REVIEW A 61 022712
already concluded that the intensities fors57 and 8 at least
in part are due to trajectories through C60. Since the atomic
density is larger close to the periphery of the molecule
appears reasonable to assume that thes58 intensity mostly
is dominated by impact parameters around the periph
while thes57 intensity partly is due to smallerbC60

. Indeed

our Monte Carlo calculations for close collisions giveds/du
resembling the experimental ones for the impact param
rangesbC60

50→6 a.u. (s57) and bC60
56→6.6 a.u. (s

58) as can be seen in Fig. 15.
In Fig. 16, we show the results for the most proba

scattering angles, obtained as the positions of the maxim
ds/du in Fig. 15.

These positions increase linearly withs up to s57. For
s58, the value lies above the line fitted fors<7. This
monotonic behavior appears somewhat surprising in view
the very different processes that are active in distant~soft!
and close~hard! collisions. In the distant collisions, well out
side the C60 cage, relatively few electrons are removed sof
from the target and the projectile scattering is well describ
by the infinitely conducting-sphere and the movable-h
models. This has already been shown in the compariso
Fig. 7. The energy transferred to the molecule in soft co
sions ~large bC60

) is minor according to the close-collisio
Monte Carlo calculations of Sec. III C~cf. Fig. 9!. In the
closer collisions, scattering on individual carbon nuclei b
comes important and fairly large amounts of energy
transferred to the target. The importance of the close co
sions for larges becomes directly evident by comparing th
s andr dependencies ofu in Figs. 16 and 7, respectively. I
the latter,u reached a maximum atr 55 while u increases
monotonically withs in Fig. 16.

In Fig. 17, we again show the present most like
projectile-scattering angles, but now as functions of the
erage number of electrons^r & removed from C60.

Martin et al. @45# established the relation̂r &5s12 (s
>2) for Ar81-C60 by measurings in coincidence with the

FIG. 16. The most probable deflection anglesu as function of
the number of electronss, stabilized on the incident Ar81-ion pro-
jectile. The line is a fit to the data fors<7.
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total number of emitted electrons (r 2s). Note that^r &5s
12 only is valid for the present collision system and that t
relation betweenr and s may be very different for other
systems~cf. O81-C60 @5#!. The present measurements ind
cate slightly higheru for r 55 than the energy-scaled resul
from Ref. @23#. This is most likely due to the fact that ou
noncoincidence measurements automatically include
somewhat harder scattering events leading to fragmenta
The predictions of the infinitely conducting-sphere a
movable-hole models alone are clearly inadequate for
scribing processes with many active electrons since the60
molecule is not a smooth sphere but has an internal struc

Therefore, we define total scattering angles for a giv
value of r by simply adding the relevant average clos
collision contributions,uCC

ICS or uCC
MH , for the appropriate im-

pact parameter rangesRr 11
ICS<bC60

<Rr
ICS and Rr 11

MH <bC60

<Rr
MH . The total most likely scattering angleu tot

ICS(r ) ob-
tained from the infinitely conducting-sphere model in co
bination with close collisions forr active electrons thus be
comes

u tot
ICS~r !5u ICS~r !1uCC

ICS~r !. ~18!

Similarly we get

u tot
MH~r !5uMH~r !1uCC

MH~r ! ~19!

when combining the movable-hole model with the clos
collision results. For a givenr, Rr

MH.Rr
ICS , and uCC

MH

,uCC
ICS . This procedure gives marginally larger predictio

FIG. 17. The present most likely experimental scattering ang
u as functions of the mean numbers of active electrons^r & in 26.4-
keV Ar81-C60 collisions. We have used the relation^r &5s12 by
Martin et al. @45# for r>2. For s51, we usê r &51.4 from Sec.
IV D and @45#. The results from the infinitely conducting-sphe
~ICS! and movable-hole~MH! models, as functions ofr, are shown
alone~full black curve! and with the inclusions of the contribution
from close collisions~‘‘ICS1CC’’ and ‘‘MH 1CC’’ !. The results
from @23# ~Walch et al.; triangles!, scaled fromE052.5 keV to
E0526.4 keV, are shown as functions ofr.
2-11
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H. CEDERQUISTet al. PHYSICAL REVIEW A 61 022712
for the total scattering angles except forr 58 as can be see
in Fig. 17. Forr 58, the close collisions give the domina
contributions to the scattering angles for both the ICS a
MH models. Neither the ICS nor the MH model allow fo
removal of more than eight electrons from C60 and therefore
we have assumed that the impact parameter ranges 0<bC60

<R8
ICS and 0<bC60

<R8
MH contribute to uCC

ICS(r 58) and

uCC
MH(r 58), respectively. The ICS result forr 58 is close to

the experimental value for̂r &58, while the inclusion of
close collisions is unable to fill the gap between the mod
and the experiment for̂r &57 and^r &56. This discrepancy
is partly explained by the fact that we compare model res
for well specified values ofr with experimental results fo
average values ofr. The measured angular distributions
course contain contributions forr .^r &.

C. Translational energy gain and loss

The mean translational energy gain or loss as a func
of s is shown in Fig. 18 for the present 16- and 26.4-k
Ar81-C60 collisions.

The corresponding data fors51 ands52, deduced from
the high-resolution energy gain spectra by Selberget al. @7#
are also shown. The Stockholm~26.4 keV! and the Grenoble
~16 keV! data agree within error bars betweens51 ands
55. For s51 and 2 both sets are in agreement with t
result of Selberget al. @7#. The much smaller error bars fo
the latter measurements are due to the special techniqu
which the ion beam was retarded strongly after the collis
cell but before the energy analysis@7#. The main purpose o
the present study, however, is to determine whether or
multiple-electron transfer processes mostly are associ
with projectile energy gain (DEmean.0) or loss (DEmean
,0). The measured values ofDEmean first increase from
1566 eV to 3265 eV betweens51 and s52 and then

FIG. 18. The mean experimental energy gain or loss,DEmean,
as a function ofs for Ar811C60 collisions. The data are from
Stockholm~26.4 keV; black diamonds! and Grenoble~16 keV; gray
circles!. The additional high-precision results shown fors51 and
s52 are the mean values of the high resolutionDE spectra by
Selberget al. @7#. The lines between the data points are to guide
eye. The thick black curve is a fit to the data.
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they change little up tos56. Finally there is a rather stron
decrease yielding a dominance of energy lossDEmean5
22065 eV for s57.

The translational energy gain or loss, i.e., the change
the kinetic energy of the projectile, reflects the rearran
ment between potential and kinetic energy in the collisio
Positive contributions toDEmean are obtained when elec
trons are captured from the target to projectile states w
larger binding energies. This is, for instance, the case w
the first active electron is removed from the target with bin
ing energyI 1 and is captured into the more tightly boundn
57 state of Ar71 ion. It has been shown by Selberget al. @7#
and Opitzet al. @21# that the internal excitation~heating! of
the C60 molecule indeed can be neglected for such dist
collisions. For closer collisions, however, the energy trans
to the molecule has to be taken into account. In Fig. 19
also show theoreticalQ values calculated by means of th
infinitely conducting-sphere and the movable-hole models
comparisons with the experimental results.

The internal excitations of the target due to close co
sions~cf. Sec. III C! are included according to

Qtot
ICS~r !5QICS~r !2Ttot

loss~Rr 11
ICS<bC60

<Rr
ICS! ~20!

and

Qtot
MH~r !5QMH~r !2Ttot

loss~Rr 11
MH <bC60

<Rr
MH!, ~21!

where the values ofTtot
loss are obtained by means of the clos

collision calculations of Sec. III C. The infinitely conducting

e

FIG. 19. The mean energy gain or loss,DEmean, as a function
of the mean number of active electrons,^r &, for Ar811C60 colli-
sions. The relation̂r &5s12 by Martin et al. @45# is used to con-
nect the present experimental data from Stockholm~26.4 keV;
black diamonds! and Grenoble~16 keV; gray circles! to the ^r &
scale. The lines between the data points are to guide the eye.
long-dashed lines show the infinitely conducting sphere res
alone~ICS; upper branch! and with the close collisions added~ICS
1CC; lower branch!. The short-dashed lines show the movab
hole model results alone~MH; upper branch! and with the close
collisions added~MH1CC; lower branch!.
2-12



ie
in
r

em
los
-

pr

s
l

th

ng
t
B

n
een

A

ry
da

t-

The
s
re

.e.,
ed.

ELECTRONIC RESPONSE OF C60 IN SLOW . . . PHYSICAL REVIEW A 61 022712
sphere model predicts slightly larger values ofDEmean than
the movable-hole model for all values of^r &. Both sets of
model predictions are lower bounds to theQ values since we
have assumed quasicontinua of projectile capture states~cf.
Secs. III A and III B!. Consequently the model results l
below the experimental values, which are shifted accord
to ^r &5s12 for s>2 @45#. The models correctly account fo
the flat maximum inDEmean as a function of̂ r & and the
falloff to negative values ofDEmean at larger^r &. The latter
effect occur in the smooth-sphere models alone but is
phasized by the internal target excitations due to the c
collisions. Note that the ICS1CC model predicts larger ex
citations of C60 than MH1CC for a givenr due to the some-
what smaller values ofRr ~cf. Fig. 6!.

The DE distributions fors56 and s57 are shown in
comparison with the energy widths of the corresponding
mary Ar81 beams in Fig. 20.

According to the calculations of Sec. III C, projectile
with impact parametersbC60

,R7 lead to substantial interna

heating of the molecule. For even smallerbC60
,Ttot

loss in-

creases strongly approaching a few hundred eV asbC60
gets

closer to and smaller thanacage. This is qualitatively in
agreement with the experimental observations of a ra
strong energy loss component fors57 ~cf. Fig. 20!, the
hump in the charge-state distribution~cf. Figs. 13 and 14!
and the wide angular scattering distribution~cf. Fig. 15! for
s57.

D. Fragmentation

The total spectrum of recoiling intact and fragmenti
C60

r 1 ions, i.e., integrated overDE ands were measured a
CEA Grenoble with the technique described in Sec. II

FIG. 20. The measured energy gain or loss distributions for
ions emerging in charge states 21 (s56; above! and 11 (s57;
below!. The energy profiles of the corresponding prima
Ar81-beams are shown for comparisons. The lines between the
points are to guide the eye.
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Prominent narrow peaks corresponding to intact C60
1

through C60
51 are clearly visible in Fig. 21.

No heavy fragments appear between C60
1 and C60

21 ,
which shows that C60

1 always is produced by cold electro
capture to the projectile at large impact parameters. Betw

r

ta

FIG. 21. The total distribution of recoiling intact and fragmen
ing C60

r 1 ions due to 16-keV Ar81-C60 collisions integrated overs
andDE. These data are obtained by using a pulsed Ar81 beam and
a pulsed extraction voltage. The projectiles are not detected.
mass-to-charge (m/q) distribution in the range 0–730 amu i
shown on top, while different details of the same distribution a
shown in the middle~0–250 amu! and the bottom~0–50 amu!
figures. The data acquisition system has multihit capability, i
several fragments from the same collision event may be detect
2-13
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C60
21 and C60

31 , there are some very weak peaks in t
region around C50

21 but there is no trace of a C6022m
21

series characteristic of sequential C2 emission from inter-
nally excited C60

21 @50#. Thus, in the cases where C60
21

recoils are produced, there is an overwhelming probab
that they stay intact. Between C60

31 and C60
41 , clearly vis-

ible but rather weak peaks due to C6022m
31 with m ranging

from one to six appear~cf. Fig. 21!. Again, however, the
intensity distribution on these fragments is not the one
sequential emission of C2 fragments. Instead, coincidenc
measurements show that the C6022m

31 peaks mostly appea
together with C2

1 or C4
1 fragments~cf. Opitz et al. @21#!

and thus that they stem from fragmentation of C60
r 1 with r

>4. We conclude that also C60
31 for the most part are cre

ated sufficiently cold to stay intact.
For C60

41 , the situation is different in that the summe
cross section for production of C6022m

41 is about equal to
the cross section for production of intact C60

41 . Further, the
intensities of the fragment peaks decrease withm in the way
expected for sequential C2 emission@18#. Fragmentation is
dominant for C60

61 and higher charges as is evidenced
the absence of narrow peaks at, e.g.,m/q5120. There is a
broader peak atm/q5120 but it is mainly due to C10

1 frag-
ments, which have wider distributions in the kinetic ener
releases due to the fragmentation process.

The light fragment peaks, C1
1 through C11

1 , in Fig. 21
are all kinematically broadened, even though we note
C1

1 is narrower than the other peaks in this group.
The intensity as a function of the number of C atoms

the C1
1-C11

1 range strongly resembles the one reported
Nakaiet al. @51# for fast 15.6-MeV C61-C60 collisions. Simi-
lar patterns have also been observed after slow He1-C60 @20#
and O61-C60 collisions @52# and in photoionization experi
ments @53#. This seems to suggest that the C1

1-C11
1 se-

quence reflects fundamental breakup features of C60 rather
than the exact nature of the ionizing process.

In Fig. 22, we display the fragmentation patterns record
in coincidence with various outgoing projectile charge sta
Ar81-C60→Ar(82s)1-¯, for the casess51 –4, ands56.
For s51, only intact C60 recoiling molecular ions of charg
states up to four are seen. Already for outgoing Ar61 (s
52), substantial fragmentation occurs. Intact molecules w
charge states up to at least 61 are observed and the frag
ments are dominated by heavy ones stemming from
breakup of C60

r 1 with r>4. Light charged fragments like
C2

1 and C4
1 that are observed in coincidence wi

Ar61 (s52) appear as correlated with heavy fragments
charges three or higher~Opitz et al. @22#!. In all, about 50%
of the intensity in thes52 spectrum is due to fragmentatio
The intact molecules C60

41 , C60
51 , and C60

61 are compara-
tively few ~less than 5% of the total spectrum! when mea-
sured in coincidence with outgoing Ar51 ions (s53). In-
stead light, singly charged fragments dominate with
maximum for C7

1 at s53. There are no detected intact mo
ecules fors54 and now C3

1 and C1
1 grow in magnitude

compared to thes53 channel. For outgoing Ar21 ions (s
56) only C1

1 through C4
1 fragments appear with th

lighter ones being the most common. By means of
02271
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absolute-charge exchange cross sections as a functions
~cf. Fig. 13! and the fractions in the various spectra of F

FIG. 22. The fragmentation spectra measured in coincide
with different outgoing projectile charge statesq85(82s) with s
51 –4 ands56 for 16 keV Ar81-C60 collisions. These spectra ar
obtained by integrations over the respective energy gain or
distributions and an acceptance angle of60.3 °.
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21 that contribute to fragmentation, we arrive at a total
perimental cross section ofs tot

f ragm52.6310214 cm2. This
indicates a geometrical critical radius for fragmentation
Rf ragm517a0.

The critical radii for C60
41 production areR4

ICS516 and
R4

MH517a0 according to the infinitely conducting-sphe
and movable-hole models, respectively. From this point
view an onset of fragmentation for C60

41 at distances around
17a0 appear reasonable. However, our Monte Carlo calc
tions for close collisions gives total energy transfers to C60

well below 1 eV for such comparatively large distances.
possible explanation to why we still observe evaporat
fragmentation as far out as 17a0 could in principle be that
C60

41 also is produced in much closer collisions. If th
would be the case we would also expect some fragmenta
of C60

31 due to its production at distances considera
smaller thanR3. Since this is not observed it appears ba
cally correct to assume that C60

r 1 are produced within rathe
well-defined radial intervalsRr 11,R,Rr ~at least for dis-
tances well outsideacage). Instead, a more likely explanatio
is thatTtot

loss, i.e., the internal excitation of the target, is u
derestimated in our Monte Carlo calculations for close co
sions~cf. Sec. III C!. Obviously, our model target of 60un-
perturbed carbon atoms positioned in the corners of
truncated icosahedron gives much to low values of the
ergy loss a fewa0 outsideacage56.7a0 ~cf. Sec. III C!.

Campbell, Raz, and Levine@19# have suggested a stati
tical model to account for the different fragmentation mod
of C60 as a function of the internal temperature. According
Ref. @19#, there is a phase transition in neutral and sin
charged C60 aroundT54000 K. That is, the temperature
almost constant for internal excitation energies in the ra
80–225 eV. The statistical model, which has been succ
fully applied to e.g., slow C60

1-Ar collisions @19,54#, pre-
dicts emission~sequential! of light fragments below 80 eV
the bimodal fragmentation pattern in the intermediate reg
and catastrophic destruction into small fragments above
eV. This statistical approach implies very fast coupling b
tween the vibrational and electronic degrees of freedom s
that only thetotal internal excitation energy~vibrational plus
electronic! influences the fragmentation process. This view
supported by the strong similarities of the C1

1-C11
1 frag-

ment distributions for different excitation methods@20,51–
53# and is further underscored by the present C1

1-C11
1 re-

sults ~Fig. 21!.
The opposite view is taken by Schlatho¨lter et al. @20# who

have investigated the velocity dependences of the fragm
tation patterns following He1-C60 collisions. Their results
strongly indicate that it is possible to separate evapora
fragmentation due to vibrational excitation through nucle
scattering and catastrophic fragmentation due to molec
heating through electronic energy loss@20#. That is, the frag-
mentation takes place before the excitation energy has
time to distribute between the vibrational and electronic
grees of freedom. Schlatho¨lter et al. also observed a gradua
and smooth transition from evaporative to catastrophic fr
mentation as the collision velocity was increased and t
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concluded that there is no phase transition in the C60 mol-
ecule@20#.

The present fragmentation results do not allow us to re
a definite conclusion regarding the relations between the
citation and fragmentation processes. Our total fragmenta
spectrum~cf. Fig. 21! shows a gradual change from nonfra
menting cold capture for C60

r 1 (r 51 –3! to evaporative
fragmentation and fission for C60

r 1 (r 54 and 5!. For higher
r catastrophic fragmentation occurs. Qualitatively this b
haviur is expected from the statistical model@19# but it does
occur at much larger distances than predicted by our Mo
Carlo calculations. The contents of Fig. 22, showing t
fragmentation fors51 –4 ands56 could be used to define
average internal excitation energies, since there is a c
relation between the most likely projectile scattering an
and the number of electronss, stabilized on the projectile~cf.
Fig. 16!. The s51 spectrum is completely dominated b
cold capture and spectra associated with stabilization of th
or more electrons are strongly dominated by catastrop
fragmentation. Fors52 there is a mixture of cold capture
evaporative fragmentation and fission, which according
the statistical model should be associated with excitation
ergies in the 50–200 eV range~the region for the predicted
phase transition@19#!. Again, however, these energies a
much higher than predicted by our close-collision calcu
tions.

V. CONCLUSIONS

The main theme of the present work has been to use m
surements of projectile angular differential cross sections
energy gain or loss in order to probe the electronic respo
of single C60 molecules. In the infinitely conducting sphe
model we assumed that the motion of active electrons on
target was fast enough to wash out all effects of charge
calization during the collision. In contrast, the electronic
sponse time could be varied in the movable-hole model s
that effects of the localization of individual charge carrie
~positive holes! could be seen. For more than a few acti
electrons the two model results are very close if we allow
holes in the MH model to reach new equilibrium positio
between sequential over-the-barrier electron transfers.
excellent agreement between the two models and the ex
mental results for 26.4-keV Ar81-C60 collisions indicates an
electronic response time of 10216 s or shorter. We thus con
clude that the electrons in the HOMO band of ionized C60
are highly mobile and that the ‘‘electric conductivities’’ o
these molecular ions are high.

Another important goal has been to discriminate betwe
the ICS and the MH models. This is difficult since they gi
similar results for the angular scattering and the energy g
There are, however, some differences and general argum
that appear to be more supportive of the ICS model.
obvious shortcoming of the MH model is that projectile tr
jectories will remain undeflected until the first electron
transferred. The reason for this is that only the posit
‘‘holes’’ moving on the surface of the sphere contribute
the external electric field and therefore there is no attrac
between the projectile and neutral C60 before electron trans
2-15
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fer. The first critical distance for over-the-barrier transfer
significantly larger in the MH than in the ICS model fo
basically the same reason. The latter model thus appea
be favored by the present measurements~assuming that the
vapor pressure of Abrefahet al. @44# is correct!. These argu-
ments should not, however, be taken as an indication tha
movable-hole model is of no use. On the contrary, the p
sibility to control the electronic response time in this mod
could be used to investigate electronic mobilities in oth
large molecules as, e.g., biomolecules. Further, there are
a number of experimental observations that so far only h
been explained within the MH model as, e.g., the large n
fragmenting electron capture cross-sections in fullere
fullerene collisions@15#.

The ICS and MH model spheres are completely smo
and thus they cannot be used to describe the scatterin
closer collisions where interactions with individual carb
atoms are important. For 26.4-keV Ar81-C60 collisions with
eight active electrons we measured typical scattering an
in excess of 150 mdeg, while the ICS and the MH mod
predictu,10 mdeg. Monte Carlo calculations for scatteri
on 60 Ar-C Molière potentials arranged in the geometry o
truncated icosahedron have been used to account for
observation. There are, however, several other clo
collision phenomena that remain to be explained such
e.g., the large critical radius for fragmentation (17a0). This
indicates that the energy transfer to the molecule, domina
ys
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-
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.
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.
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by electronic energy loss, is underestimated at distan
some atomic units outside the molecular cage. The mo
C60 target with 60 unperturbed carbon atoms probably le
to an underestimation of the radial extension of the mole
lar electron cloud.

There are many very intriguing phenomena in the field
slow ion-C60 collisions that still are unexplained; the obse
vation of very high secondary electron emission yields
collisions with highly charged ions; the statistical or no
statistical nature of the fragmentation process; the poss
existence of a phase transition in C60, and the stability limit
for highly charged C60

q1 . These issues have merely be
touched upon in the present work where the main discus
has been centered on the electronic response of C60 and the
gross phenomena associated with contributions from c
collisions.
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