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Electronic response of G in slow collisions with highly charged ions
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We present measurements of projectile angular differential cross seationdf, and mean projectile
energy gain or I10sSAE,.an, as functions of the numberof electrons stabilized on the projectile in 16- and
26.4-keV APT + Ceo—Ar=97 4+ Cof + (r—s)e™ collisions. These results are discussed in view of two
models of the electronic response 0f,CIn 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 timegdown to 10°1® s) between sequential over-the-barrier electron trans-
fers. The two sets of predictions f@r are close forr<8, and forr<5 they are also in agreement with
experimental results indicating ultrafast electronic response of ioniggdRor r >5, both models underesti-
mate @ and therefore we have developed Monte Carlo calculations for close collisions with individual carbon
atoms in Gy. The energy gain first increases wihhas a flat maximum arourgl=4 and yields mean energy
0SSAE ear=—20£5 eV for s=7. The measured fragmentation spedi(a) and AE..{S) may be par-
tially rationalized by combining each of the two smooth-sphere models with the Monte Carlo calculations for
close collisions.

PACS numbd(s): 34.70+e, 34.50. Fa, 36.46.c

[. INTRODUCTION In the present work, we instead remove electrons from the
. . HOMO level of individual Gy molecules in gas phase and,
. The Issue about the glectrlc response of 63 molgcule in a sense, one would expect the “electrical conductivity” of
interacting with a slow highly charged ion relates directly ©the molecule to be affected by the number of electrons in the

the ideas of using fullerenes and nanowires as building, ;termost molecular orbital. In the present experiments, one
blocks for novel nanoelectronics. It is well known that the 5 several electrons are transferred frong, @ slow AP+

electrical properties of fullerene materials depend on the desrojectile ions in single collisions at 16 and 26.4 keV:
tails of the geometrical and molecular structure and, in the

case of fullerite, on the doping with foreign atoms. For such Ar* + Coom Ar=9F + Cod * +(r—s)e. 1)
different parameters fullerene materials may be isolating,

semiconducting, conducting, or even superconducting athe number of electrons stabilized on the projectile ranges
fairly high critical temperaturefL]. In fullerite, the Gomol-  from s=1 to s=8 and the total collision time during which
ecules form a very loosely bound van der Waals crystal angd ejectrons are removed from the target is about 10 fs.
the individual molecules are only slightly perturbed by their  \we have measured projectile angular differential cross
neighbors. The low conductivity of the crystal may thus besections do/dg, mean projectile energy gain or loss
understood in terms of the completely filled highest occupied\E_ ., ,,, and fragmentation patterns as functions.ofhese
molecular orbital (HOMO) level of G;y. This situation results will be discussed within two different classical over-
changes drastically when the crystal is doped with alkalithe-barrier models in which the electrons are transferred se-
metal atoms in exohedral and endohedral positions. Eleajuentially with time separations of 0.1-1 fs. In the infinitely
trons are then donated to the lowest unoccupied moleculaszonducting spherdCS) model, the electronic response time
orbital band through charge transfer and the conductivity ofs infinitely short, i.e., the electronic motion averages out alll
the crystal may be increased drastically depending on theffects of localization of individual charge carriers. In the
number of donating atoms peg{molecule[1]. model withr positive and localized holes moving on “the
surface” of Gy~ the charge mobility can be controlled.
This is done by adjusting the time required to reach new
*Present address: Uppsala University, Uppsala, Sweden. equilibrium charge configurations after eac¢bkequential
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electron transfer. A response time of 28 s in the movable The experimental techniques employed to measure
hole (MH) model is found to yield results in agreement with do/d¢, AEpean and absolute cross sectiong as func-
experiments and the ICS model for small and modergéte tions ofs are described in Sec. Il A. In Sec. IIB we account
<5). for the methods to measure the totaitegrated oves and
The first investigation of the interaction between highly 2E) and thes-selective fragmentation spectra. In Sec. Ill A
charged ions and g was performed by Walckt al. [2] for we give a detailed account for the present version of the
80-keV AB*+ Cy, collisions. It then immediately became infinitely conducting-sphere model, which is similar to but

evident that slow highly charged ions are very efficients’Impler than _the one used by Thun_&ahal.[G]. The details of
. . s the model with movable and localized charges on a smooth
means for cold multiple ionization of fullerenes. The cross

i ; duci tabl t least metastabl d “sphere are presented in Sec. Ill B, while the Monte Carlo
se¢ |on§+ or producing stable, or at least metastable, and yg i jations for close collisions are described in Sec. II C.
tact G © with r ranging up to six were found to be large

_ ) The experimental results fors, do/dé(s), AEneadS),

[2]. Two years later this res+ult was underscored b{ell'al' and the fragmentation are discussed in view of the (@S
[3] who measured intactgs’* produced by slow Bf* im-  finitely conducting sphejeand the MH(movable hole mod-
pact. Very recently, Huber and coworkers| were able to  gs, with and without the contributions from close collisions,
show that G,'®" produced by X&* impact are metastable in Secs. IV A-IVC. Finally in Sec. IVD, we discuss frag-
with lifetimes in theus range. A further very intriguing re- mentation in view of the statistical model by Campbell, Raz,
cent result is that may exceed the projectile charge by a and Leving 19] and recent results by Schlattes et al.[20].
factor of 3 forq>30 in slow fragmenting X&" -Cg, colli-
sions[5]. Il. EXPERIMENTAL TECHNIQUES AND PROCEDURES

Thummeet al. [6] used the dynamical classical over-the-
barrier model for a metalfinfinitely conducting sphere to
calculate translational energy gain mainly in good agreement The Cryogenic Electron Beam lon Source at the Manne
with measurements by Selbeeg al. [7]. This concept has Siegbahn Laboratory in Stockholm was used to provide a
also been used to successfully account for critical electrotveam of highly charged Ar ions. A double-focusing analyz-
transfer distancef8], the polarizability of G, [9], surface ing magnet separated its #-ion component at an energy of
plasmon excitation in collisions with electrofis0], the se-  26.4 keV. The A" -ion beam was collimated by two sets of
guence of ionization potentiald 1], and radiative cooling of apertures to an angular definition 86= +=0.015 ° before it
hot G55 [12]. A general model, in which theggmolecule is  entered a gr-cell of 30 mm length and entrance and exit
treated as a dielectric sphere, has been developed tappa apertures of 1.0 and 1.5 mm, respectively. This yielded an
and Setterlind 13]. This model was later used in order to overall measured angular resolution 0f0.02°. Care was
calculate translational energy gain spectra for relative dielectaken to operate the cell in a temperature interfl0O—
tric constants betweea, =1 (insulating spheneand e, = oo 420°C) giving a total charge-exchange yield below 10%,
(infinitely conducting sphepd 14]. which made corrections for double and background colli-

In 1995, Sheret al.[15] measured large cross sections for sions small but not insignificant. The charge exchange with
nonfragmenting single, and double-electron capture irthe background gas was measured at a cell temperature of
fullerene-fullerene collisions (§°"-Cg). Electrons may 300°C.
thus obviously be transferred at distances large enough to In order to be able to measure the angular and energy
avoid strong direct interactions between the molecular cageslistributions resulting from the various electron transfer pro-
Shenet al. [15] invoked the model with movable and local- cesses, three different analyzing systems were (sl Fig.
ized charges to rationalize their results. This model has alst). Each systenA-C was preceded by the same 300-mm-
been used in order to account for charge-insensitive electroteng, field-free, drift region after the cell. Systertonsisted
capture cross sections in near thermal collisions betweeaf a 180° cylindrical energy analyzer of radius 150 mm
multiply charged fullerenes and various atofii§,17]. Fur-  followed by a two-dimensional position-sensitive detector.
ther, Sheier, Doser and Mek [18] used a similar idea in The angular acceptance of systénwasAd,==0.5° and
order to explain the wealq dependence of the critical the cylindrical analyzer is only focusing the beam in one
Csgd"-C, distances for electron transfer in the auto chargedirection.
transfer fragmentation procesgt" — Cggd V" +C," . From the resulting image on the detector we extracted

The infinitely conducting-sphere and the movable-holedo/dé(s) for sranging from one to seven, i.e., for processes
models have thus both been successfully used to account far which the incident A¥" ions stabilize up ts=7 elec-
various experimental observations. In the present study weons for (at least the duration of their passage through the
find, nevertheless, that the two seemingly very differentenergy analyze(which takes about 1us). The focusing of
models yield similar predictions fof(r) and AE,.a{r).  the cylindrical analyzer distorts the images on the detector
For small and moderate valuesmoboth models are in good rather strongly as can be seen in the upper right part of Fig.
agreement with the experimental results, while their valued. The angular differential cross sections could, however, be
for 6 at larger lie far below the measurements. These dis-obtained by means of off-line sorting of the detector image
crepancies are, at least partly, accounted for by including thpart inside a bow-tie apertur@efined byy in Fig. 1) ori-
effects of close collisions, i.e., we take the scattering on inented along the nonfocusing direction. Due to the strong dis-
dividual Carbon atoms in theggmolecule into account. tortion, it was necessary to keep the opening angte the

A. Measurements ofdo/d@ and AE
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projectile charge stateg(=8—s) for 16-keV A" -Cq, col-
lisions. These measurements were performed at CEA-
Grenoble in France and the technique also allowed for
energy-gain selective recording of the fragment spectra for
various values ob. Measurements of the latter kind are re-
ported in a separate pap€@Dpitz et al. [21]). The data dis-
cussed here, however, are obtained(ipyaveraging over all
values ofs and energy gain or loss arfiil) by averaging over
the AE distributions for individual values & (s=1, 2, 3, 4,

_____ - S Cylindrical
analyser

Position sensitive [ =
detector C

(A)

+v Movable position

I sensitive detector

Cyp cell

..... _—ﬁg~E and 6. For a schematic of the setup and details of the ex-
v perimental technique we refer to Opigt al. [21] and here
Deflector plates (B) we will only give a brief description of the most important
parts.
..... __I”, . A beam of 16-keV A#* is provided by a 14-GHz ECR
C cell analyser source and a double-focusing bending magnet. This beam

Einzel lens
ON/OFF

Position sensitive
detector [E

was then passed through an energy monochromator consist-
ing of two hemispherical electrostatic analyzers, lenses, and
slits by which the incident A" -ion beam energy was de-
fined to about’E= =10 eV. The beam then crosses with an
effusive G jet and the point of intersection is situated in the
extraction region of a 250-mme-long time-of-flight mass spec-

©

FIG. 1. The three different experimental techniqée8, andC
used to measurdo/d# and mean values of energy gain/loss as

functions ofs in Ar¥*-Ceo—Ar®=9+. . collisions at 26.4 kev. (rometer. This spectrometer is terminated by a multichannel
The images on the detector for tee-6 process are shown to the pIate(MCP).detector at which the intact recoils or fragments
far right, where the bow-tie apertures, with opening angleimdi-  have energies of 6-keV times their charge. The angular, en-

cate the areas used for extractiondef/d 6. The distances from the €rgy, and charge-state distributions of the scattered projec-
center of the bow tie are used to calculatéor each event taking tiles are analyzed by means of a set of two hemispherical
the focusing of the respective analyzing system into account. Th@nalyzers in series that may be rotated around the scattering
detector image for syste@is shown with the einzel lens off, while center. The data that will be shown here are all obtained in
this lens was turned on for th®E measurements. the forward direction with the angular acceptant®=

—+ o
bow-tie small (/=10 °), which limited the statistical quality In method(i) the AB*-ion beam and the extraction volt-

of the resultingdo/d# spectra. In order to cope with this : . .
problem and tg be ablepto measure the angu?ar distributiog 3 Ve'€ pulsed in order to obtain the tota| fragmentation

also for neutralizing collisionss=8) we also used system spectra. The start signal for the time of flight was provided

B. This system consisted of a set of 100-mm-long straighpy the extraction pulse and care was taken to allow the pro-
deflection plates followed by a drift region of length 540 mm Jectile beam to pass through the extraction region before the

terminated by a movable position-sensitive detector. The diféX{raction pulse was switched on. The rates of detection for
ferent outgoing final projectile charge statgs=8—s, were the various intact ions and fragments were mvestlgat_ed as
dispersed on the detector by means of different deflectiofnctions of the time between the passage of the projectile
voltages making the Ar*-ion beam of interest deflect about '©"S and the extraction pulse, the extraction, and drift volt-
10°. For the neutralized projectilésutgoing Ar atomp the ages in the time-of-flight s_pectrometer and.the frpnt b"?‘s of
detector was placed in the straight forward direction and thdhe MCP detector. Saturations of the detection efficiencies as
charged particles were deflected away by a high voltage of¢inctions of all these parameters were found, except for C
the plates. The angular acceptance of sysBmas A 9g= which is known to have a high klneth energy from the frag-
+1.0°. mentation procesgl8]. The data acquisition system allowed
Finally systemC was used in order to measure modestfor multihit registration of fragments and therefore we mea-
cesses with up to seven stabilized electrosis 1—7). Sys- vidual fragments and the intact molecules. The statistics of
tem C was similar toA except that the cylindrical analyzer the dif_ferent multihit events may of course be used to deriye
was replaced by a double-focusing hemispherical one witfnore information on the charge-exchange and fragmentation
the same radiu€l50 mm). An einzel lens was introduced in Processes. This will, however, be discussed in a separate
front of the analyzer in order to focus the beam to a smalPaper(Opitz et al.[22]). o
spot on the detector. Thus, the kinetic energy distributions of The fragment spectra for individual values of the number

the seven outgoing Art-ion beams could be better re- of electrons stabilized by the Af-ion projectile after the
solved collision are obtained with a different technique, metiiod

The Af*-ion beam is now continuous and the recoil ion-
extraction voltage is fixed. The analyzer voltages are scanned
many times over the completeE distributions for the dif-

The time-of-flight spectra of fragmenting and intagtC ferent values ofs while the time-of-flight spectra are re-
recoil ions were measured in coincidence with the outgoingorded.

B. Measurements of fragmentation spectra
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R i R Tonization limit
+q

a

FIG. 2. An ion of chargey at a distancdR outside an infinitely
conducting neutral sphere of radias The position of the image
chargeq’ = —ag/R is given byR’=a?/R. An equally large posi-
tive charge—q’ = +ag/R is positioned in the center of the sphere
(cf. texy.

IlI. MODELS OF HCI-C 4, INTERACTIONS

A. Highly charged ions scattering on an infinitely conducting
sphere

In this first model, we follow Walclet al.[2,23], Thumm
[8], Thummet al. [6], and Baany and Setterlind13]. We
assume that £ is an infinitely conducting sphere with its
radiusa=8.2a, given by the consensus value for the polar-  FIG. 3. The potential energy seen by the active electron at the
izability of the Gy, molecule (54&3) from Scheidermann first critical distanceR, for electron transfer. The electron is at the
et al. [9]. When an ion of charge is brought near the position x=x; where the potentialU%(x) has its maximum
sphere, the conduction electrons are attracted by the ion ané(ma). The potentialU3(x) is given byq and its image charge
an inhomogenous surface-charge distribution is created. THe . the net charge of the infinitely conducting sphetel) and the
electric field inside the sphere is zdibis infinitely conduct- gctive electrons self-image potential. The image charges q.ue to the
ing) and on the outside it can be calculated easily by meanin and the electron a’ = —ag/R, andq,=a/x, at the positions
of the method of electrostatic imagg24]. The crucial point R =2a%/Ry and x;=a“/x,, respectively. The central charge is 1
here is that the sphere surface must remain an equipotentiald’ ~de=1+ad/R;—a/x, andge=—1 in atomic units.
surface for al(sufficiently large distancesk between the ion ) )
and the center of the sphere. This criterion leads to th@otential of G, denoted byl;. In the presence of the ion,
unique solution for the magnitudg = — qa/R and the posi- the energy required to ionize the sphere is shifted according
tion R’=a?/R of the image chargésee Fig. 2 0

Further, in order to conserve the total charge an equally *—1. +a/R ®)
large positive charge-q’'=+qga/R must be placed in its 17T AR
center(the or)ly position compatible with the equipotential 1his is due to the shift in the electric potentidl which is
surface condition common for all points belonging to the sphere. We can, for

_The electric field from the infinitely conducting sphere, oy »ynje calculates for the point on the surface closest to
with its inhomogenous surface-charge distribution, at the pog.q ion as

sition of the ion is exactly

, , ¢=q/(R—a)+q'/(a—R")—q'la=q/R. (6)
E(R)= ==y~ @ o e
(R-R")? R* The critical distanceR=R; at which the first electron may
leave the sphere is assumed to be given by the classical over-
and the force on the ion thus becomes the-barrier criterionUl(max)=1% , whereU2(max) is the
maximum of the potentidll} seen by the first active electron
ag? ag’R when it moves towards the projectile. This potential can be
Fq(R)=qE(R) = R (R—ad)? 3 expressed in terms of the electrons interaction with the pro-

jectile ion and its induced chargeg’(and—q'), the net+1
Fq(R) is always attractive and we calculate the work re-charge of the spher@epresented by a point charge in its

quired to moveqy from R(>a) to infinity as centej and the electrons self-induced image. We thus have
q q’ qg-1 1/a a
x 1/ag® ag? Ul=-— - + t5lm—m——=), @
— o= R— R’ 2 2 2_ ’
W, fR FqdR 5\ RZ T RZ=a2 (4) X X X XS X°—a

wherex is the position of the electron with respect to the
Thus, the electric potential at the position of the ion is givencenter of the sphere. The case with the electror=at, i.e.,
by U,=W,/q. For largeR, Eq. (4) can be approximated by at the top of the barrier is shown in Fig. 3
Wy~ —a*g®/2R* where «=a? is the static dipole polariz- When the first electron is transferred to the projectile, the
ability of the sphere. force on the ion changes abruptly according to the new
We further assume that the work function of the neutralcharge distribution. We assume that the initial projectile
infinitely conducting sphere is equal to the first ionizationchargeq is fully screened by the electrons transferred from
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the infinitely conducting sphere. Thus, we introduce
R-dependent projectile and target charges according to

dp(R)=g—a(R), 8

whereq(R) only can take integer values This is in accor-
dan_ce with the assumptlons made In (_)ver-the-barrler models FIG. 4. Definition of the impact parameter with respect to the
for ion-atom[25] and ion-surface collision26—-2§. In par- .. er of Go: be. .

ticular, it has been shown through measurements of the im- 0" "Ceo

age charge acceleration for highly .cha_\rgt_ad ions ir.]tera?tingelected between preset minimum and maximum values.
with a metal surfac§29] that the projectile is neutralized in

a step-wise mannd@8,30 consistent with Eq(8). For each value obc_, we follow the ion trajectory and
In analogy with Eq.(5), the energy required to ionize an integrate the dynamically changing force taking tRese-

(r—1)-times charged infinitely conducting sphere is quence of electron transfers into account. We calculate the
projectile scattering anglé from the momentum transfer in
1*=1,+(q—r+1)/R, (9)  the direction perpendicular to the initial velocity vector. The

momentum transfer in the longitudinal direction gives @e
in the presence of the projectile, of chargg=(q-r+1).  value of the reaction, which is very close to the projectile
Accordingly, the Stark-shifted target levéf; , has to reach energy gain or losAE for a heavy target like g. By run-

the top of the potential barrier created by ning many such trajectories, we build the angular- and
energy-differential cross sections for specified target ioniza-
] g-r+1 a(g-r+1) a(g-r+1) tion stages. At present, we will concentrate on the most prob-
Ue=— R—x R(x—R') RX able values of¢ and the mean energy gain or loss values
(AEnean as functions of the number of electronsemoved
_ [+ } a a (10) from Cg [cf. Eq. (1)]. These quantities are taken to be the
x 2\x? x2-a? maxima indo/dé# and the mean values afo/d(AE), re-

spectively.
for therth electron to be able to move to the projectile. The The sequence of critical distanc®@s and the energy reso-
sequence of ionization potentials for an isolated infinitelynance condition yield projectile binding energis accord-

conducting sphere of radiwsis given by ing to
lr=(r+1)a, (1D q-r+l__, v a@-r+l a@g-rtl)
which for a=8.2a, gives|,=3.32( +1) eV in fair agree- ' Ry R R —a’ R
ment with experimental ionization potentidf31,32. In the a a
present calculation we have, however, chosen to follow -t . (13)
Walch et al. [23] and used the slightly different expression 2R;  2(Rf—af)
|, =3.85+3.3%, which they[23] in turn based on the Dirac-
Fock-Slater calculations by Basteg al. [33]. The left-hand side is the binding energy of thih active

After transfer of therth active electron and for values of electron when the projectile is at the distaie The right-
R such thatR,,;<R<R,, the force on the ion, now of hand side is the resonant binding energy for the same elec-

chargeq,=q—r, is tron localized to the projectile. The third and fourth terms to
the right are the Stark shifts due to the image potential of the

E _(g=n)r N a(g-r)? B a(g—r)°R (12 screened projectile chargg- +1). The two last terms are
a“r R? R® (R°—a?)?" due to the active electrons interaction with its own image

charges when it is localized to the projectile. Note that Eq.
We arrive at a series of eight sequential electron transfers fail3) implies a quasicontinuum of projectile capture states
the incident projectile chargg=8 by setting Ug(max) since we assume that there always is a resonance with a
=1}¥ for r=1 throughr=8. These distances all lie well projectile capture state
outside the radius of the spher@={ 8.2a,) and the radius of

the Gy cage of carbon nucleiat,4e=6.7a0). The first elec- , q-2r+1 a(q-r+1/2) a(q-r+1/2
tron transfers aR;=26.5,, the second aR,=21.4a,, and Eg= R, * Rf—az - er e
the eighth atRg=10.6a,. The projectile may thus be fully (14)

neutralized in a single collision with an infinitely conducting
sphere even though full screening of the projectile charge i§nen R=R,. The lower bound for the totaQ value for
assumed. Note that the eighth electron is transferred at @, nsfer ofr electrons thus becomes
distance of about &, above the g, cage.

In the Monte Carlo calculations based on the infinitely i=r
conducting-sphere model, the impact parameters with respect Q(r)= 2 (EiB_ ). (15)
to the center of the spherlxizc60 (cf. Fig. 4 are randomly i=1
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FIG. 5. lllustration of the model with movable and localized
charges as the first, the second, and the third electron is transferred
to the ion. The projectile charge seen by the first, second and third
active electron ig|,=q, q,=q—1, andg,=q—2, respectivelycf.
text).

No. of active electrons, r

FIG. 6. The critical radii for electron transfeR, , according to
the infinitely conducting-spher€ICS, black circles and the
movable-hole(MH, gray squaresmodels. The lines between the

. . . . data points are to guide the eye.
Evaluation of Eq(15) gives results in close agreement with

those obtained by integration of the dynamically changing First we perform a single-trajectory calculation with
forces in the longitudinal direction. The effective quantumbc =0 in order to determine the sequence of critical dis-
60

number for the first active electron réff:q YZEg~7.7 tances for electron transfer. We again assume full screening

according to Eq(14). Taking the finit.e density of projectile of the projectile charge. The energies required for ionization
capture states into account this indicates thatrtker state in the presence of the ion are given Hy=1,+q,/(R—a)

should be dominant in pure single-electron capture, which i?/vith —g—r+1. We follow the head-on rtra'epctor)b&
confirmed by experimentg7,21]. We finally note that Eq. 9o=9 : | 60

(14) reduces to the corresponding expression for ion-atoni- 0) @nd solve the equations of motion for the holes and the
collisions whena— 0 [34]. projectile numerically. Oscillations in the hole positions are

inherent in this model since the holes are always created in
nonequilibrium positions(i.e., closest to the projectile
Therefore we have introduced a damping term for the hole
motion, which has its physical basis in the scattering of mov-
In this second model we follow Sheet al. [15], Petrie  ing charge carriers on electrons and nudliie electrical
et al.[16], and Cameron and Park&7] and assume that the “resistance”). The critical distancesR, are calculated by
positive holes left behind on ionized;gare movable on the means ofl ¥ and the electronic potentials between the target
molecular surface in a localized fashion. Schematics of thend the projectile. The latter are evaluated for the numeri-
presently assumed mechanisms are indicated in Fig. 5.  cally determined positions of the—1 holes, the projectile
When the projectile is at a distanBe= R, from the center and the “1+” hole fixed on the surface closest to the pro-
of the sphere, the binding energy of the first active electronectile. The damping is chosen in order to allow the holes to
to the positive hole on the surface of the sphere with radiugind their equilibrium positions between sequential electron
a=8.2a is transfer events. For the present projectile velocity vof
. ~0.2 a.u. the times between the critical distanRgdie in
IT=I1+a/(R-a). (16)  the range 0.1-1 fs, which implies hole-rearrangement times
of the order of 106 s or faster. In view of orbital velocities
The positive hole is assumed to be localized closest to thé~1 a.u.) and the distances over which the charge carriers
projectile during the time it takes for the electron to move(holes have to move {-10a,) this appears reasonable.
from the sphere to the ion. When the electron has reached the The first electron leaves the targetRjt=32.1a,, the sec-
projectile, the positive hole moves towards the position thabnd atR,=23.83, and the eighth aRg=11.4a,. This R,
minimizes its potential energy. For a single hote=(1) this  sequence is remarkably similar to the one for the infinitely
position is obviously at the far side of the sphere. For disconducting-sphere model as can be seen from the compari-
tancesR that are small enough to allow two electrons to beson in Fig. 6. The ICS model correctly accounts for polar-
removed from the sphere £ 2) the equilibrium configura- ization effects through the image charges, whereas no such
tion forms a triangle with its corners at the two holes and theeffects are explicitly included in the movable-hole model.
ion. Three holes on the surfacex3) have a minimum of The positioning of the positive holes on the sphere surface
potential energy if they form an equilateral triangle with its are, however, able to give a fair representation of the electric
surface normal pointing towards the ion. Thus the problemdield outside the sphere. This field becomes more similar to
of finding the R-dependent forces on the holes and the ionthe electric field of the ICS model asthe number of holes,
become three dimensional when more than two electrons aiacreasegcf. Fig. 6).
active. The projectile angular scattering distributions are obtained

B. Highly charged ions scattering on a sphere
with movable point charges
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45 ~ r—— - with Thummet al.[6] is good in the regiom=1-5. In con-

gr AT CmF A #Ce E(ra)e trast to Thumnet al.[6] and Walchet al.[23] we work with
quantized charges, neglect recapture to the target, and allow
the projectile to approach closer than the distance inside
which fragmentation occurf2]. The rational for the latter
assumption is that the fragmentation time scale usually is

—e—ICS model
——MH model

Scattering angles
(mDegrees)

. Exp. Walch etal much longer than the collision time. We thus find that it is
0 » . 6 8 10 possible to transfer eight electrofsequentially at distances
No. of active electrons, r well outside the radius of the model sphere when full screen-
ing of the projectile charge is assumed.
FIG. 7. The most likely scattering anglésas functions of the The electronic binding energies for the movable-hole

number of active electrongr) according to the infinitely model are related to th® value through Eq(15), which is a
conducting-spherdCS, black circlesand the movable-hole model general expression used also for the infinitely conducting-
(MH: gray squares Energy-scaled experimental values by Walch sphere model. Both models predict capture into the7
et al. [23] measured in coincidence with inta@te., nonfragment-  ghell in AI’8+-C60—>Ar7+-C60+ collisions. As mentioned
ing) Ceg * molecules are shown as gray trianglesfer1-5. The  gpove, this has been established experimentally first by Sel-
lines are to guide the eye. berget al.[7] and later by Opitt al.[21]. This conclusion
is also supported by calculations by Thuni@&) and Baany

by means of Monte Carlo calculations. For each trajectory[14].
we solve the equations of motion for the projectile and the
holes together taking the damping of the hole motion into
account. As for the infinitely conducting-sphere model,
do/dé(r) are calculated by integrating the transversal mo- The infinitely conducting-sphere and movable-hole mod-
mentum transfer to the projectile along many randomly seels both assume that thesOmolecule can be viewed as a
lected trajectories. Again, th@ values are obtained by inte- completely smooth sphere. Therefore, we have also calcu-
grating the dynamically varying forces along the longitudinallated the projectile scattering angles and energy gains or
direction. losses due to short-range interactions with the electron

The movable-hole model implies marginally largethan ~ ¢louds and the nuclei of the 60 individual carbon atoms.
the infinitely conducting sphere model as can be seen in Fid,0llowing Larsenet al. [35], we have used well-known for-
7. In this figure, we have also included the energy-scale('inUIaS ff” electronic and nuclgar stopping for this purpose.
results by Walctet al. [23] in which do/d6 were recorded The impact parametgrs with respect to the center of the
in coincidence withintact Cqy © molecular ions (=1-5). Ceo molecule,b, (cf. Fig. 4, are selected by means of a
These author§23] also performed calculations based on af@andom-number generator. Three other random-number gen-
more elaborate version of the infinitely conducting-sphererators ensure that all orientations of thg, @olecule are
model [8]. The results of Ref[23] are in good agreement equally likely just as in the real experiment. For each trajec-
with both sets of present calculations after scaling withtory, atomic impact parametebg with k ranging from 1 to
Eo0=const fromE,=2.5 keV toE,=26.4 keV. 60 are calculated for a randomly orientegh@olecule. The

In Fig. 8, we show the present two model predictions fortotal electronic energy transféy, is obtained as the sum of

AE, ..{r). The differences are minor and the agreementhe individual energy transfers;', as given by the Firsov
formula[35-37. The total nuclear stopping pow@,. is

the sum of 60 energy lossd@g “® due to scattering on Ar-C

C. Monte Carlo calculations of close collisions

Ar®+Ceo—> Ar®* 4 Coo 4 (r-s)e” Moliere potentials with the screening lengths=0.25 a.u.

25 1 [38,39. The Molige potential is also used to evaluate the
~ sixty momentum-transfer vectors which give the total projec-
CREN tile scattering angle for close collisions.

& In Fig. 9, we show Monte Carlo results for 16- and 26.4-
£ 5] keV Ar-Cg collisions.
g o | —e-iosmosel The results forTy,c as functions obc_ are given in the
—=—MH model upper row. Each dot represents the result for an individual
A~ Thumm et al. trajectory and, thus, the densities of dots are representative
13 0 2 “1 s 8 for the probabilities for the corresponding values of the en-

ergy loss. Note that a given value bg_ may give rise to
drastically different values of ., due to different orienta-

FIG. 8. Q values, obtained by integration of the forces along thetlONs of the Gy molecule. The curves in the upper row of
ion trajectories in the infinitely conducting-sphettCS, black  Fig. 9 represent_mean nuclear_en_ergy losses, Wh|C_h are rather
circles and the movable holéMH, gray squaresmodels. The —constant for trajectories well inside the cage "?d'fi@aée
model results by Thumrat al.[6] are shown as gray triangles. The =6.7ap) and rise sharply when the atomic density increases
lines are to guide the eye. asbc, approachesi;,ge (cf. Fig. 10.

No. of active electrons, r
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© g:f Sl FIG. 11. The angular and energy differential cross sections
~ ‘;‘g do/d# anddo/d(AE) as functions o9 and the ion energ after

s the collision. The results are calculated by means of randomly se-
‘i 06 lected trajectories in th(ac60 interval (0-9.5)a,. The acceptance

E ' angles arer0.3° and+1 ° for 16 and 26.4 keV, respectively.

g o2

;E however, much less pronounced fbg, than for Ty,.. The

00 20 40 60 80 100 00 20 40 60 80 100 electronic energy loss, calculated by means of the Firsov

b4 (a-0.) formula[37], remains significant out to a feay, outside the

molecule. The individual results fof,, fall closer to the

FIG. 9. Results from the Monte Carlo calculations for close mean value agc increases fObC >acage since the ori-
60 60

collisions: Ar impact on 60 C atoms arranged in the geometry of a . . :
Ceo molecule. Results for 16 and 26.4 keV are shown in the left an ;r:?tlon of the molecule then gradually becomes less impor
right columns, respectively. From the first to the fourth row we : . . o .
show as functions obc, ; nuclear energy 10sTy,q, electronic The th|rq row of Fig. 9 s.hows the distributions of projec-
tile scattering angles. Again the mean values are not really

energy lossT,, projectile scattering angle® and the total energy . - - - Lo
loss TS for a limited angular acceptanae< d,... In each case representative for the typical scattering that instead is indi

3% 1 trajectories have been launched and the densities of pointgated by the h'lgh density of points at low valuesofThe
are representative for the probabilities of the corresponding paran{-el_e\/"’mt_expe”mental aC_Ceptance angles are shown a”‘?' only
eter values. The curves show the mean values. trajectories below these lines should be used for comparisons
with experiments. The fourth row displays the total energy
lossTI2%S, which is the sum ofy,. and T, for each trajec-
tory inside the acceptance ange<( 0,..). Clearly, the finite
ayalues of .. discriminate against trajectories close to the

The mean nuclear energy lossist representative for the
typical event since a few very hard collisiofwery smallb,)
e e b heriphenyof o

0 : In Fig. 11, we showdo/d# calculated by means of the
only loses a small amount of energy due to nuclear stoppmq\./I ;
: ) onte Carlo results fod(bc O) (cf. Fig. 9.

The results for the electronic energy ldss are shown in . 6 _
the second row of Fig. 9. Also here the mean valigesves There are strong increasesdir/d# at certain threshold
are rather constant for trajectories well inside the molecul¢/@luesé= 6y, for both energies, which reflect the upper im-

and increase wheln,__ approaches,..q. The edge effectis, Pact parameter chosen for the calculatifthe range iS0—
&0 9.5)ag]. The low intensities fon< 6, are due to trajectories

passing through £, a conclusion that we arrive at by per-
forming calculations Witrbceo<acageyielding widedo/d@

distributions that tend to zero #s-0. ForbC60>acage, we

only get contributions tala/d@ for 6> 6,,. The results for
do/d(AE), based onT'tgfs(bCGO) for the impact parameter

5| interval, (0—9.5),, are also shown in Fig. 11. These spectra
have two components; the humps at lower energies are due
0 2 . 6 to collisions inside the g cage while the sharp peaks are
due to outside trajectories. The dips between the humps and
the peaks are due to scattering close to the periphery of the
FIG. 10. The atomic thickness as a functiorbef for a single  molecule giving angles larger than the acceptance. The rela-
Cgo molecule. tive intensities and the energy losses for the smaller peaks

(=]

(=]

Atomic thickness (10'°cm?)
a~

0

Impact parameter, bcgo (a.u.)
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FIG. 12. Monte Carlo calculations afo/dE for close Ar-Gg 0 .
collisions[bc, : (0-9.5p,] at 100 keV(gray curve. The experi- 0 5 4 6 8

mental resultgblack curve for 100-keV AP*-Cgo— Ar* are from

No. of stabiliz lectrons,
Larssonet al. [40] with A§==*0.5°. 0. of stabilized electrons, s

_ ) o FIG. 13. Absolute cross sections for stabilizing oree=()
decrease with decreasing collision energy. We conclude thqﬁrough eight §=8) electrons for At*-ion projectiles colliding

ion trajectories through the molecule are likely to give rise towith Cy,. Present results at the collision energy 26.4 kélled

large energy lossetdominated by electronic energy 19ss circles, results of Walctet al.at 80 keV(crosses[2] and by Martin

and a rather wide range of scattering angles starting ffom et al. at 56 keV(filled triangles [45]. All three sets of results rely

=0. Trajectories closely outside;§; on the other hand, give directly or indirectly on the vapor pressure of Abrefaehal. [44]

rise to smaller energy losses but larger scattering angles ((cf. tex). The geometrical cross section of thg,@age (radius

> 0ip). Acage=6.7ay) is indicated by the arrow. The lines between the data
In Fig. 12, we show a comparison between the presentlpoints are to guide the eye.

calculateddo/d(AE) and corresponding measurements for

100-keV APR*-Cgo—Ar*---- collisions by Larssoret al conducting-sphere and the movable-hole models predict
[40]. *0 olsi=mRZ=6.2x10 cm?  and  opl'=wRZ=9.1

The model results have not been convoluted with the exx 10 ** cn?, respectively, and the present experimental re-
perimental beam-energy spread. sults thus appear to favor the former prediction. However,

The calculation is made with an angular acceptance ofhe absolute cross-section scale has an uncertainty of roughly
+0.5° (the same as in the experiment by Larssbal. [40]) +50% stemming from a spread in the literature values for
and an impact parameter interval (0—@5) The compari- the vapor pressure ofgg[41-44. _ _
son strongly indicates that the low-energy tail in the experi- N Fig. 13 we show the presesiselective cross sections
mental distribution is due to trajectories through or closelylcf- EQ. (1)]in comparisons with results by Walet al. [2]
outside the periphery of . The calculation is, however, and Martinet al. [45]. _
unable to reproduce the largest energy losses within the ex- 1 he present cross sections and the ones by Weleti.
perimental angular acceptance. This is most likely due to 421 rely on the Go pressure by Abrefabt al. [44], while the
somewhat inadequate representation of the electron densif§Sults by Martiret al. [45] at 56 keV have been normalized

and thus the electronic energy loss some distance outsidy Means ofoo=(4.4%1.8)x 1_0714 sz_ [2]. Our data
were obtained with setup (cf. Fig. 1), which allowed for

Acage-
cage detection of neutralized projectiles£8) with an accep-
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS tance angle ofA 9g=+1 °. Additional measuremer_lts with
the smaller acceptance of setép(Afd,=+0.5°) yielded
A. Absolute charge-exchange cross sections consistent results fog=1-7.
and charge-state fractions The three sets of experimental results in Fig. 13 follow
The present total charge-exchange cross section similar trends as functions & The hump around=6 and

s=7 appears in all three measurements, but is substantially
weaker in the study by Martiet al. at 56 keV[45]. The
Tror= >, 0s=6.6x107* cn? (170 origin of the hump is related to thepproachof the charge-
s=1 equilibration condition for projectiles passing through a
single G molecule. This was pointed out already by Walch
is larger than the ones by Waldt al. at 80 keV[2] and et al. [2] and the same conclusion was reached by Larsson
Selberget al. at 27 keV [7]. The latter, 0¢,;=(4.6:1.4) et al. [40] in their interpretation of energy loss associated
X107 cm? [7] was obtained by means of the beam-with two-electron capture in Ar-Cg, collisions. The equi-
attenuation method using set@dn Fig. 1[7]. The infinitely  librium charge-state distribution is reached when the ioniza-

8
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FIG. 14. Projectile charge state fractiofs= US/(Zgzlch) as 0 0.4 0.2 0.2 0.4
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Ar®*_jon projectiles for different target&f. text.
FIG. 15. Absolute experimental angular differential cross sec-

tion and capture rates are equal, and its mean value definégnsdo/dé for s=1-8. Two sets of results are shown; those ob-

the equilibrium charge. For Ar in carbon foils the latter quan-tained with the metho@ (for s=1-8; black data poinisand those

tity decreases from about 1 to about 0.5 when going fronPPtained with methodh (for s=1-7; gray data poinis Note the

100 to 26.4 keV[46]. For a fully charge-state equilibrated 9'erences in cross-section scales for differerithe gray curves to
RPN - .~ the left in thes=7 ands=8 figures are Monte Carlo calculations

beilm we would thus expect S|_m|_lar intensities for outgoing, - .5se collisions for thé_ rangest0—6) and (6-6.6),, respec-

A_r and AP at 26.4 keV, but this is clearly not the cas. tively.

Fig. 13.

There is no similar hump for large values sfin the B. Angular differential cross sectionsdo/d @

s-selective cross sections foPO-Cq collisions[5]. This is

most likely due to the fact that {0, in contrast to A},

carries K- and L-shell vacancies into the collision. Thus

electrons in theM shell of oxygen(but not argoh may be

efficiently emitted in downstream Auger relaxation pro- cylindrical analyzesystemA in Fig. 1) and with the small-
CESSES. _ o angle deflectotsystemB). The agreement is satisfying con-

In Fig. 14 we show the final charge-state distributions forsidering the very different images on the detectorf@ndB
Ar®* ons interacting with Ar, G, a graphite surface, and a (cf, Fig. 1). The results for setug are double sided, i.e.,
carbon foil. do/d6é is measured both up and down in the vertical direc-

The charge-state distribution for the Ar-ion target is ob-tion (the analyzer is focusing in the horizontal direction
tained at 80 keV by Aliet al. [47] and the G, results are  The spectra obtained witB are only single sided due to the
from the present data at 26.4 keV. Wineekial. [48] mea-  asymmetry of the image on the two-dimensional dete@tbr
sured the outgoing charge-state distribution for 51-keVFig. 1). We deliberately chose this asymmetric picture,
Ar®"-ions incident at 1.6 ° on a graphite surface. Finally, thecaused by a slight misalignment of the gas cell, in order to
charge-equilibrium distribution for 100-keV Ar through a increase the angular acceptance in one direction. The agree-
carbon foil was obtained from Turkenbuetjal.[49]. Forthe  ment between the two sets of results also shows that even the
Ceo and the Ar-targets the charge-state distributions decreassmaller acceptance angle of setépvas sufficient ( ,=
in a similar way up tes=4, while the charge-state fraction +=0.5° andA#g==*1 °).
for Cgq is significantly larger than for the atomic target when  On the average, the projectile scattering angles become
s=5. The Gpresult resembles the one for the carbon foil for larger ass increases. The shapesa(s)/d6# are symmetric
s=6, which indicates that the hump forgCis related to  up tos=5, but fors=6, and in particulas=7, they become
projectile trajectories through, or close to, the nuclear strucasymmetric with tails to the high-sides. Typical scattering
ture of the molecule. We note again, however, that the neuangles are significantly larger for the neutralizing collisions
tral component for the £ collisions is lower than for the (s=8) and the spread in scattering angles becomes larger,
charge-state equilibrium case and, thus, that this condition ise., do/d 6 becomes wider. From the comparison of projec-
not fully reached for passage of a singlg,@olecule. tile charge-state distributions presented in Fig. 14 we have

The absolute angular differential cross sectidngd 6 for
processesl) with s ranging from one to eight are shown in
' Fig. 15.
The two sets of measurements are performed with the
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FIG. 16. The most probable deflection angteas function of

the number of electrons stabilized on the incident Af -ion pro-
jectile. The line is a fit to the data fa<7.

FIG. 17. The present most likely experimental scattering angles
6 as functions of the mean numbers of active elect{@isn 26.4-
keV Ar8*-Cq, collisions. We have used the relation)=s+2 by

. . Martin et al. [45] for r=2. Fors=1, we use(r)=1.4 from Sec.
already concluded that the intensities &3¢ 7 and 8 at least |/ p ang [45]. The results from the infinitely conducting-sphere

in part are due to trajectories througR,C Since the atomic  (cs) and movable-holéVH) models, as functions af are shown
density is larger close to the periphery of the molecule, ityjone(full black curve and with the inclusions of the contributions
appears reasonable to assume thatsta@ intensity mostly  from close collision“ICS +CC” and “MH +CC”). The results
is dominated by impact parameters around the peripherjtom [23] (Walch et al; triangles, scaled fromE,=2.5 keV to
while thes=7 intensity partly is due to smallérc, . Indeed E,=26.4 keV, are shown as functions of

our Monte Carlo calculations for close collisions give/d 6

resembling the experimental ones for the impact parametdptal number of emitted electrons {s). Note that(r)=s
rangesbc, =0—6 a.u. 6=7) andbc, =6—6.6 a.u. 6 +2 (_)nly is valid for the present collision system and that the
=8) as can be seen in Fig. 15. relation betweerr and s may be very different for other

In Fig. 16, we show the results for the most probableSystems(cf. O°"-Ce [5]). The present measurements indi-

scattering angles, obtained as the positions of the maxima &@te slightly highem for r=5 than the energy-scaled results
da/dé in Fig. 15. from Ref.[23]. This is most likely due to the fact that our

These positions increase linearly withup to s=7. For noncoincidence measurements automatically include the
somewhat harder scattering events leading to fragmentation.

s=8, the value lies above the line fitted fe=7. This - 9 =) i
monotonic behavior appears somewhat surprising in view of N€ predictions of the infinitely conducting-sphere and
movable-hole models alone are clearly inadequate for de-

the very different processes that are active in distanft) ve > : -
and closghard collisions. In the distant collisions, well out- SCribing processes with many active electrons since e C
side the G, cage, relatively few electrons are removed Somymolecule isnota smqoth sphere but has an internal structure.
from the target and the projectile scattering is well described 1 herefore, we define total scattering angles for a given
by the infinitely conducting-sphere and the movable-hole’@/ué of r by simply "’Ilgg'”g ,fAhHe relevant average close-
models. This has already been shown in the comparison @llision contributionsfc¢’ or fcc , for the appropriate im-
Fig. 7. The energy transferred to the molecule in soft colli-Pact parameter rangeR(G3=<bc <R,°® and R\ j<bc_
sions (large bc_) is minor according to the close-collision <RM". The total most likely scattering anglS(r) ob-
Monte Carlo calculations of Sec. lll@f. Fig. 9. In the tained from the infinitely conducting-sphere model in com-
closer collisions, scattering on individual carbon nuclei be-bination with close collisions for active electrons thus be-
comes important and fairly large amounts of energy areeomes
transferred to the target. The importance of the close colli- 1cS
sions for larges becomes directly evident by comparing the Brot
sandr dependencies of in Figs. 16 and 7, respectively. In
the latter,d reached a maximum at=5 while 6 increases Similarly we get
monotonically withsin Fig. 16.

In Fig. 17, we again show the present most likely Ohoy (r)=6M1(r)+ 6¢E (1) (19
projectile-scattering angles, but now as functions of the av-
erage number of electroqs) removed from Gp. when combining the movable-hole model with the close-

Martin et al. [45] established the relatiofr)=s+2 (s  collision results. For a giverr, R'">R"®, and 6¢¢

=2) for Ar8*-Cgo by measurings in coincidence with the <0'C°CS. This procedure gives marginally larger predictions

(r)=6'°S(r)+ 653(r). (18
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FIG. 18. The mean experimental energy gain or 1as&,, ¢ an, No. ot active electrons, r/ Mean No. of
as a function ofs for Ar®"+Cq4, collisions. The data are from active electrons, <r>

Stockholm(26.4 keV; black diamondsind Grenoblé€16 keV; gray
circles. The additional high-precisior) results shown for 1 and of the mean number of active electrors), for Ar®* + Cg, colli-

s=2 are the mean values of the high resolutidbg spectra by o The relatiodr)=s+2 by Martin et al. [45] is used to con-
Selberget al.[7]. The lines between the data points are to guide thenect the present experimental data from Stockh¢28.4 keV:

eye. The thick black curve is a fit to the data. black diamondsand Grenoble(16 keV; gray circlesto the (r)
scale. The lines between the data points are to guide the eye. The

for the total scattering angles except fer 8 as can be seen |ong-dashed lines show the infinitely conducting sphere results

in Fig. 17. Forr=8, the close collisions give the dominant alone(ICS; upper branchand with the close collisions add€iCS

contributions to the scattering angles for both the ICS and-CC; lower branch The short-dashed lines show the movable-

MH models. Neither the ICS nor the MH model allow for hole model results alonéMH; upper branch and with the close

removal of more than eight electrons frong,@nd therefore collisions addedMH+CC; lower branch

we have assumed that the impact parameter rangds-0

<RICS MH : ICS, _ *  they change little up ts=6. Finally there is a rather strong

<Rg™” and Os<bc <Rg" contribute to 6cc(r=8) and

decrease yielding a dominance of energy l@ssc.™=
¢ (r=8), respectively. The ICS result for=8 is close to  _ 5g+5 e\% forsi7_ % mean

the experimental value fofr)=8, while the inclusion of The translational energy gain or loss, i.e., the change in
close collisions is unable to fill the gap between the modelghe kinetic energy of the projectile, reflects the rearrange-
and the experiment fofr) =7 and(r)=6. This discrepancy ment between potential and kinetic energy in the collision.
is partly explained by the fact that we compare model resultpsitive contributions taAE,,, are obtained when elec-
for well specified values of with experimental results for ons are captured from the target to projectile states with
average values of. The measured angular distributions of |grger binding energies. This is, for instance, the case when
course contain contributions for>(r). the first active electron is removed from the target with bind-
ing energyl; and is captured into the more tightly bound

C. Translational energy gain and loss =7 state of A" ion. It has been shown by Selbezgal.[7]
and Opitzet al. [21] that the internal excitatiofheating of
the G, molecule indeed can be neglected for such distant
collisions. For closer collisions, however, the energy transfer
to the molecule has to be taken into account. In Fig. 19 we
also show theoretica values calculated by means of the
infinitely conducting-sphere and the movable-hole models in

FIG. 19. The mean energy gain or |08 .., @s a function

The mean translational energy gain or loss as a functio
of sis shown in Fig. 18 for the present 16- and 26.4-keV
Ar8*_Cg, collisions.

The corresponding data fer=1 ands=2, deduced from
the high-resolution energy gain spectra by Selbergl. [7]
are also shown. The Stockholf®6.4 keVj and the Grenoble comparisons with the experimental results.

(16 keV) data agree within error bars betwesr 1 ands The internal excitations of the target due to close colli-
=5. Fors=1 and 2 both sets are in agreement with thesions(cf. Sec. 111 Q are included according to

result of Selberget al. [7]. The much smaller error bars for

the latter measurements are due to the special technique in 1ICS(r)=Q'°S(r) — T RIS < be,, <R (20
which the ion beam was retarded strongly after the collision

cell but before the energy analy$ig). The main purpose of and

the present study, however, is to determine whether or not

multiple-electron transfer processes mostly are associated tor (1N =Q"H(r) — TR <bc_<RM™), (2D
with projectile energy gain XE,canr>0) or loss AE can

<0). The measured values &E,, .., first increase from where the values oT{‘;fs are obtained by means of the close-
15+6 eV to 325 eV betweens=1 ands=2 and then collision calculations of Sec. Il C. The infinitely conducting-
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1.0 2+
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Energy gain/loss AE (eV) >
% 0.04
FIG. 20. The measured energy gain or loss distributions for Ar j5
ions emerging in charge states-As=6; above and 1+ (s=7; 2
below. The energy profiles of the corresponding primary L2
Ar®*-beams are shown for comparisons. The lines between the dat<2  0.02
points are to guide the eye. 2
£
sphere model predicts slightly larger valuesAdE .., than -
bl

the movable-hole model for all values ¢f). Both sets of 0’
model predictions are lower bounds to Qesalues since we
have assumed quasicontinua of projectile capture stefes
Secs. IlIA and 1lIB. Consequently the model results lie oH'||H,0

below the experimental values, which are shifted according @ .
to (ry=s+2 for s=2 [45]. The models correctly account for '  0.08 N,
the flat maximum iNAE ¢4, as a function of(r) and the ; ' .
falloff to negative values oAE,..nat larger(r). The latter S 006 ©

effect occur in the smooth-sphere models alone but is em-5§ C
phasized by the internal target excitations due to the close g
collisions. Note that the ICSCC model predicts larger ex-
citations of Gy than MH+CC for a givenr due to the some- .
what smaller values oR, (cf. Fig. 6). LS
The AE distributions fors=6 ands=7 are shown in Cco,
comparison with the energy widths of the corresponding pri- 0 A WW'MW
m/q

0.04 (o

0.02 N*

Intensity (;
O+

mary A®* beams in Fig. 20. 10 20 20 40
According to the calculations of Sec. IlIC, projectiles

with impact parametersc_<R; lead to substantial internal S o
&0 loss : FIG. 21. The total distribution of recoiling intact and fragment-

heating of the molecule. For even smalle(EGO,Ttot In- ing Csg * ions due to 16-keV A¥"-Cg, collisions integrated oves
creases strongly approaching a few hundred e‘ﬂc’ﬂgggets andAE. These data are obtained by using a pulsetf Aream and
closer to and smaller thaacage- This is qualitatively in a pulsed extraction voltage. The projectiles are not detected. The
agreement with the experimental observations of a rathehass-to-chargenf/q) distribution in the range 0-730 amu is
strong energy loss component fer7 (cf. Fig. 20, the  shown on top, V\{hile different details of the same distribution are
hump in the charge-state distributiécf. Figs. 13 and 14 Shown in the middle(0—250 amii and the bottom(0-50 amy

and the wide angular scattering distributitef. Fig. 15 for figures. The data acquisition system has multihit capability, i.e.,
s=7. several fragments from the same collision event may be detected.

Prominent narrow peaks corresponding to intact,"C
through Gy°* are clearly visible in Fig. 21.

The total spectrum of recoiling intact and fragmenting No heavy fragments appear betweeg,'Cand G,
Cso ' ions, i.e., integrated oveXE ands were measured at which shows that g* always is produced by cold electron
CEA Grenoble with the technique described in Sec. Il B.capture to the projectile at large impact parameters. Between

D. Fragmentation
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Ceo?™ and Gg°', there are some very weak peaks in the 1.0 ~
region around €2* but there is no trace of agg om2 " < g 57 1 60
series characteristic of sequentiaj €mission from inter- -

nally excited G2* [50]. Thus, in the cases wheres£" X 06 c

recoils are produced, there is an overwhelming probability E 0.4 o %

that they stay intact. Betweeny&" and Gg**, clearly vis- = 60

ible but rather weak peaks due tgC,,>" with m ranging g 02 C;S

from one to six appeafcf. Fig. 21). Again, however, the 0 | . ’

intensity distribution on these fragments is not the one for 200 400 600
sequential emission of Lfragments. Instead, coincidence 3

measurements show that thg,C,,>" peaks mostly appear
together with G* or C," fragments(cf. Opitz et al. [21])
and thus that they stem from fragmentation gff C with r
=4. We conclude that alsogg " for the most part are cre-
ated sufficiently cold to stay intact.

For Gy*™, the situation is different in that the summed
cross section for production ofsg ,,** is about equal to
the cross section for production of intactft" . Further, the
intensities of the fragment peaks decrease witim the way
expected for sequential,Gemission[18]. Fragmentation is
dominant for G°* and higher charges as is evidenced by
the absence of narrow peaks at, erglg=120. There is a
broader peak ain/q=120 but it is mainly due to " frag-
ments, which have wider distributions in the kinetic energy
releases due to the fragmentation process.

The light fragment peaks, ,C through G,", in Fig. 21
are all kinematically broadened, even though we note that
C," is narrower than the other peaks in this group.

The intensity as a function of the number of C atoms in
the C,"-C,;" range strongly resembles the one reported by 4
Nakaiet al.[51] for fast 15.6-MeV ¢ -Cq4, collisions. Simi- &
lar patterns have also been observed after slow-Bg, [20]
and @ "-Cq, collisions[52] and in photoionization experi-
ments[53]. This seems to suggest that the"@C,;" se-
quence reflects fundamental breakup features gfr&her
than the exact nature of the ionizing process.

In Fig. 22, we display the fragmentation patterns recorded
in coincidence with various outgoing projectile charge states, 0
Ar8t_Co— Ar8=9*_... for the cases=1-4, ands=86.

Fors=1, only intact G, recoiling molecular ions of charge
states up to four are seen. Already for outgoind ‘Ar(s 10
=2), substantial fragmentation occurs. Intact molecules with
charge states up to at least Gare observed and the frag- ©
ments are dominated by heavy ones stemming from the S
breakup of Gy © with r=4. Light charged fragments like 8
C," and G* that are observed in coincidence with
Ar®* (s=2) appear as correlated with heavy fragments of
charges three or high€¢Dpitz et al. [22]). In all, about 50% 0
of the intensity in thes=2 spectrum is due to fragmentation. 0 20 40 60
The intact molecules &', Cso>*, and G2 are compara- m/q

0 0
tively few (less than 5% of the total spectriiwhen mea- FIG. 22. The fragmentation spectra measured in coincidence
sured in coincidence with outgoing AT ions (5=3). In-  ith different outgoing projectile charge states=(8—s) with s
stead light, singly charged fragments dominate with a=1_4 ands=6 for 16 keV AE*-Cg, collisions. These spectra are
maximum for G ats=3. There are no detected intact mol- obtained by integrations over the respective energy gain or loss
ecules fors=4 and now G* and G* grow in magnitude distributions and an acceptance angle+.3°.
compared to thes=3 channel. For outgoing Af ions (s
=6) only C* through G* fragments appear with the absolute-charge exchange cross sections as a functisn of
lighter ones being the most common. By means of thgcf. Fig. 13 and the fractions in the various spectra of Fig.

3+
60

I\CGO
s Mty A anp A

100 200 300

counts (1 x 102)

)

counts (1x 10

100 200

)

counts (1 x 10
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21 that contribute to fragmentation, we arrive at a total eXxconcluded that there is no phase transition in thg 1@ol-
perimental cross section af/29™=2.6x10"* cn?. This  ecule[20].
indicates a geometrical critical radius for fragmentation of The present fragmentation results do not allow us to reach
Rfragm= 17ay. a definite conclusion regarding the relations between the ex-
The critical radii for Gg** production areR}°°=16 and  citation and fragmentation processes. Our total fragmentation
RY'"=17a, according to the infinitely conducting-sphere spectrum(cf. Fig. 21) shows a gradual change from nonfrag-
and movable-hole models, respectively. From this point ofnenting cold capture for & (r=1-3 to evaporative
view an onset of fragmentation fors§} " at distances around fragmentation and fission forsg ™ (r=4 and 5. For higher
17a, appear reasonable. However, our Monte Carlo calculat catastrophic fragmentation occurs. Qualitatively this be-
tions for close collisions gives total energy transfers tg C haviur is expected from the statistical mogie®] but it does
well below 1 eV for such comparatively large distances. AOCCUr at much. larger distances than prc_edicted by our Monte
possible explanation to why we still observe evaporativecarlo calculations. The contents of Fig. 22, showing the

fragmentation as far out as 47 could in principle be that ragmentation folrs: 1-4 ands=6 could be usr(?d to_definel
Ceo't also is produced in much closer collisions. If this average internal excitation energies, since there is a clear
rﬁelatlon between the most likely projectile scattering angle

would be the case we would also expect some fragmentatio - S
P g and the number of electrogsstabilized on the projectilef.

of Cg’" due to _its produ_ction at distancgs considerabl_yFig_ 16. The s=1 spectrum is completely dominated by
smaller thanRs. Since this is TOt observed it appears bas"cold capture and spectra associated with stabilization of three
cally correct to assume thagE" are produced within rather o o electrons are strongly dominated by catastrophic
well-defined radial interval®, ., <R<R; (at least for dis-  fagmentation. Fos=2 there is a mixture of cold capture,
tances well outsidc,gg) - Instead, a more likely explanation eyaporative fragmentation and fission, which according to
is that Tio:®, i.e., the internal excitation of the target, is un- the statistical model should be associated with excitation en-
derestimated in our Monte Carlo calculations for close colli-ergies in the 50—200 eV randthe region for the predicted
sions(cf. Sec. Il Q. Obviously, our model target of 60n-  phase transitiorj19]). Again, however, these energies are
perturbed carbon atoms positioned in the corners of amuch higher than predicted by our close-collision calcula-
truncated icosahedron gives much to low values of the entions.
ergy loss a fewa, outsidea,q.=6.7a, (cf. Sec. 111 Q.

Campbell, Raz, and Leving 9] have suggested a statis- V. CONCLUSIONS
tical model to account for the different fragmentation modes
of Cgp as a function of the internal temperature. According to
Ref. [19], there is a phase transition in neutral and singly

The main theme of the present work has been to use mea-
surements of projectile angular differential cross sections and
energy gain or loss in order to probe the electronic response
of single Gy molecules. In the infinitely conducting sphere
o i fhodel we assumed that the motion of active electrons on the
80-225 eV. The statistical "lOdel' which has been succesgsrget was fast enough to wash out all effects of charge lo-
fully applied to e.g., slow g"-Ar collisions [19,54, pre-  cajization during the collision. In contrast, the electronic re-
dicts emission(sequentigl of light fragments below 80 eV, sponse time could be varied in the movable-hole model such
the bimodal fragmentation pattern in the intermediate regionghat effects of the localization of individual charge carriers
and catastrophic destruction into small fragments above 22fositive holey could be seen. For more than a few active
eV. This statistical approach implies very fast coupling be-electrons the two model results are very close if we allow the
tween the vibrational and electronic degrees of freedom sucholes in the MH model to reach new equilibrium positions
that only thetotal internal excitation energgvibrational plus  between sequential over-the-barrier electron transfers. The
electronig influences the fragmentation process. This view isexcellent agreement between the two models and the experi-
supported by the strong similarities of thg 'GC,;" frag-  mental results for 26.4-keV Af -Cg, collisions indicates an
ment distributions for different excitation methof20,51—  electronic response time of 18 s or shorter. We thus con-
53] and is further underscored by the presept <C,;" re-  clude that the electrons in the HOMO band of ionizeg) C
sults (Fig. 21). are highly mobile and that the “electric conductivities” of
The opposite view is taken by Schlattes et al.[20]who  these molecular ions are high.
have investigated the velocity dependences of the fragmen- Another important goal has been to discriminate between
tation patterns following He-Cg, collisions. Their results the ICS and the MH models. This is difficult since they give
strongly indicate that it is possible to separate evaporativsimilar results for the angular scattering and the energy gain.
fragmentation due to vibrational excitation through nuclearThere are, however, some differences and general arguments
scattering and catastrophic fragmentation due to moleculahat appear to be more supportive of the ICS model. An
heating through electronic energy Id&9]. That is, the frag- obvious shortcoming of the MH model is that projectile tra-
mentation takes place before the excitation energy has hgdctories will remain undeflected until the first electron is
time to distribute between the vibrational and electronic deiransferred. The reason for this is that only the positive
grees of freedom. Schlather et al. also observed a gradual “holes” moving on the surface of the sphere contribute to
and smooth transition from evaporative to catastrophic fragthe external electric field and therefore there is no attraction
mentation as the collision velocity was increased and thubetween the projectile and neutraj(®efore electron trans-

022712-15



H. CEDERQUISTet al. PHYSICAL REVIEW A 61 022712

fer. The first critical distance for over-the-barrier transfer isby electronic energy loss, is underestimated at distances
significantly larger in the MH than in the ICS model for some atomic units outside the molecular cage. The model
basically the same reason. The latter model thus appears @, target with 60 unperturbed carbon atoms probably leads
be favored by the present measuremeéatsuming that the to an underestimation of the radial extension of the molecu-
vapor pressure of Abrefadt al.[44] is correc}. These argu- |ar electron cloud.

ments should not, however, be taken as an indication that the There are many very intriguing phenomena in the field of
movable-hole model is of no use. On the contrary, the possjow ion-G, collisions that still are unexplained; the obser-
sibility to control the electronic response time in this modelyation of very high secondary electron emission yields in
could be used to investigate electronic mobilities in othercollisions with highly charged ions; the statistical or non-
large molecules as, e.g., biomolecules. Further, there are stitatistical nature of the fragmentation process; the possible
a number of experimental observations that so far only havgxistence of a phase transition igsC and the stability limit
been explained within the MH model as, e.g., the large nonfgy highly charged 2% . These issues have merely been
fragmenting electron capture cross-sections in fullereneggyched upon in the present work where the main discussion
fullerene collisiong 15]. has been centered on the electronic response;pai the

The ICS and MH model spheres are completely smoothyross phenomena associated with contributions from close
and thus they cannot be used to describe the scattering gyjlisions.

closer collisions where interactions with individual carbon

atoms are important. For 26.4-keV &r-Cg, collisions with

eight active electrons we measured typical scattering angles

in excess of 150 mdeg, while the ICS and the MH models ACKNOWLEDGMENTS

predict 6<10 mdeg. Monte Carlo calculations for scattering The experiments have been performed at the Manne Sieg-
on 60 Ar-C Molige potentials arranged in the geometry of abahn Laboraty in Stockholm and at the AIM accelerator, a
truncated icosahedron have been used to account for thfacility of CEA Grenoble. Fruitful discussions with Anders
observation. There are, however, several other closeBarany and Lotten Hgg at Stockholm University and Uwe
collision phenomena that remain to be explained such aS,humm from Kansas State University are gratefully ac-
e.g., the large critical radius for fragmentation é3). This  knowledged. This work was supported by the Swedish Re-
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