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Experimental and theoretical study of ionization and fragmentation of G by fast-proton impact
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We have studied the ionization and fragmentation gf i€ collisions with protons and deuterons at impact
energies of 50—300 keV. The time-of-flight spectra of all fragment ions were measured in coincidence with one
of the emitted electrons. The cross sections of multiple ionization as well as relative yields of even-mass
fullerene-type ions of various charges are deduced from experimental spectra. A theoretical model based on a
statistical approach is developed for the explanation of the experimental data. The model describes the
+ Cg collision as proceeding in three stegb: energy deposition by the projectiléi) emission of prompt
electrons, andiii) C, evaporation and delayed electron emission. The observed distribution of fragment
fullerenes indicates that the delayed electron emission is an essential part of the process and that it occurs
before the equilibration is achieved.
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[. INTRODUCTION were studied in collisions with fast protof8—6], helium
ions[3,7,8], lithium, carbon, other light and medium weight
During the last decade scattering experiments withons [3,5,9-11, and highly charged Xe ionf12-14. A
fullerenes as collision partners have developed into a vastommon experimental method used in these investigations is
branch of atomic and molecular collision physjds2]. The the time-of-flight(TOF) mass spectrometry of charged frag-
attraction of fullerenes as an experimental object, namelynents produced in the collision, often with measuring two or
their availability, highly symmetric shape, stability, absencemore fragments in coincidence with or without detecting the
qf isomeric forms, and the fact that they can be gasily subfinal charge state of the projectile.
limed into the gas phase, makes them an almost ideal model A typical TOF spectrum in collision with a light projectile
system for studying the interaction of any agent with a como contains peaks that correspond to different mass-to-
plex molecular system having many degrees of freedomp a6 ratios of fragment ions. The peaks fall into three cat-

This is an obvious and straightforward step towards studying, ,jes:(j) strong and narrow peaks that correspond to mul-
complex biomolecular systems. In particular, fullerene coII|—,[i ly ionized “parent” fullerenes & with q=1—5; each of
sions with ions and atoms play an important role in under-, Py P q '

standing such processes as fragmentation, plasmon excittzy-em IS followed by a sequence 6f) smalle“r peaks cs)rr_e—
tion, energy deposition, and dissipation, etc. A majority Ofspgndlng to even-mass fullerene-type “daughter” ions
experiments has been done so far at low collision energieSeo-2m (m=1-7) which are believed to be mainly formed
[2], i.e., when the main energy-transfer mechanism is th®y successive emissioffevaporation”) of neutral dimers
elastic collision of the ion with one or several of the constitu-Cz; and finally (iii) the numerous broadened peaks corre-
ent carbon atoms in the fullerene. This is equivalent tosponding to mostly singly charged small mass fragments
nuclear stopping in collisions of ions with solids. In the al- C; (n=1-19). The latter group is associated with the com-
ternative domain of high-energy collisions the energy isplete breakdown of the fullerene “cage,” a process often
mainly transferred to electronic degrees of freed@@iec- referred to as “multifragmentation.” It was found that the
tronic stopping. According to estimationésee, for example, relative strength of these groups depends drastically on the
[2]) the elastic scattering and electron excitations give grojectile[3,5] and strongly varies with the collision velocity
comparable contribution at collision velocities of about 0.5[7,8]. In particular, the role of multifragmentation increases
a.u. At larger velocities the electronic excitation is the domi-dramatically with increasing projectile mass and charge. This
nant mechanism of energy transfer. In this paper we discuss intuitively clear since the interaction strength and therefore
collisions of fullerenes with high-energy ions at velocitiesthe energy transfer for highly charged heavy ions is large,
v>1 a.u., where the direct energy transfer from projectile tdeading to a complete disintegration of the fullerene. On the
nuclear degrees of freedom is negligible and therefore theontrary, the fast-proton interaction withg(Cis compara-
only source of energy for the various ionization, excitation,tively weak, and as shown by experimeh&4,6], in this
and fragmentation processes is the primary electronic excitazase the multifragmentation is almost negligible. Here the
tion of the fullerene by the projectile ion. main dissipation processes are multiple ionization and
The fast-ion—fullerene collision is a comparatively lessevaporation of ¢ neutrals.
studied process. However, a number of experiments were In this paper we present the results of an experimental and
published in which the ionization and fragmentation g C theoretical study of ionization and fragmentation qf, @y
fast-proton and -deuteron impact. The velocity range covered
by our experiment is from 1.0 to 3.5 a.u. It partly overlaps
*On leave from Institute of Nuclear Physics, Moscow State Uni-with the range of the recently published experimef@$
versity, Moscow 119899, Russia. where mainly smaller proton velocities have been used. Our
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x 20 FIG. 2. Part of the time-of-flight spectrum of positive particles
produced in 300-keV proton-fullerene collisions. In the insets parts
of the spectra are shown in more detail.
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FIG. 1. Experimental setup and coincidence electronics.

new experimental data are more detailed and permit a thokraction-discriminato CFD) and serves as a start signal for
ough theoretical analysis. On the high velocity side our exthe time-of-flight coincidence electronics that mainly con-
periment overlaps with that by Tsuchigaal.[4] who pub-  sjsts of a multihit time-to-digital convertefTDC) system.
lished the data in the velocity range of 2.8—8.9 a.u. Thusyhe fragment ions are postaccelerated to an energy of
experimental data of a comparable quality are now availablg g kV-q to increase the efficiency of the microchannel
for the theoretical analysis in a wide range of proton VelOCi'pIates(MCP). At these energies the detection efficiency for
ties. In the theoretical part of the paper we suggest a modgleavy fullerene ions witly=2 is practically saturated and
based on a statistical approach for a description of both thgerefore independent of the charge state. However, the de-
m.uItipIe ionization and frag.mentation of g&in .collisions tection of heavy singly chargedigand G, ions is more
with protons. A short overview of the theoretical methods,opiematic. Their detection probability is reduced by two
previously used for the analysis of fast-ion—fullerene colli-eftects. Firstly, the contribution of electron capture to ioniza-
sions WI|| be given in Fhat part. We shall also present theyop is not negligible in the studied energy rarigé]. Due to
analysis of the experimental data based on our modefne |ack of a start electron these reactions are not detected,
Atomic units are used throughout unless otherwise indicateqgaing to smaller intensities than observed in noncoincident
measurements. So far no reliable cross sections of electron
[l. EXPERIMENT capture are available in order to estimate this effect. Sec-
ondly, the detection efficiency of the MCP that strongly de-
pends on the velocity of the incident particles does not reach
A more detailed account of the experimental setup issaturation for @, ,,, ions. The velocity dependence of this
given in Refs[15-17. Briefly, a collimated beam of Hor  efficiency was studied by Itoat al.[10]. For singly charged
D" (v=1-3.5 a.u.) from a 350-kV cascade ion acceleratolions they reported that the relative detection probabtits
interacts with a G vapor target(99.95% purity which is  described by the empirical relatioR=1—exp(—0.014&
sublimated in an oven at temperature§50 °C(Fig. 1). The ~ —0.0218&?2), whereE is the energy of the fullerene ion in
slow ions and electrons generated in the collision are sepaeV. This energy dependence that qualitatively agrees with
rated by a weak homogeneous electrical fielEs ( our observations predicts a valueR#52% for 5.5-keV G,
=330 V/cm). The @ ions and positively charged frag- jons. However, investigations of Schiattes et al. suggest a
ments are accelerated towards a time- and position-sensitifigher relative efficiency of<85% [20]. Consequently the
multihit detectot at one side of the interaction region; at the detection efficiency of heavy singly charged fullerenes is, in
other side electrons are detected in a channelf@&M).  contrast to that of the more highly charged species, a rather
The amplified electron signal is processed by a constantuncertain quantity.
Figure 2 shows a typical time-of-flight spectrum observed
in collisions of 300-keV H with Cg,. The most prominent
IThe multihit detection capability and position resolution are es-features in this spectrum correspond to th§y Gons (g
pecially useful for the analysis ofgmultifragmentation andbi- =1-5) and to the sequences of even numbered fragment
nary) fission processes3,18). fullerenes @,_,,,. In the low mass region traces ofnul-

A. Experimental setup and data analysis
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tifragmentation occur. The observed intensities of low mass
C, ions (n=10) show that multifragmentation amounts to
~5% of the fullerene ions intensity; in collisions with 100-
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keV H* this contribution rises te- 10%. Although the main

N

part of Gy_,, ions are produced by successive evaporation
of C, neutrals, some contribution comes from another type~
of process, namely, the superasymmetric fissiorﬁ C —
—CU" D+ Cl . These reactions cannot be identified in the ¢
simple TOF spectrum, but they can be clearly separated ir 2
the measured coincidence specid. These fission pro- &
cesses gain importance at higher fullerene charge states: fc 3
instance the probabilities ofégi fission and G evaporation
from Cg ions are similar, whereas in the case ¢fdons
the fission probability is small and,Cevaporation clearly
dominates with about 90%. A more detailed analysis of
super-asymmetric fission processes will be published else
where[18].

From the measured time-of-flight spectra the cross sec
tions of various processes can, in principle, be obtained. . ] . .
However, the determination of absolute cross sections is an FIG- 3. Cross sections for fullerene ion productief” with q
experimentally demanding task. In our experiment particu—from 1 up to 4 for different proton energies. Solid symbols repre-
larly the G, vapor density is rather uncertain; therefore, re_sent our measurements. Cross sections at high proton en@‘rgles
liable values can be obtained only for the relative cross sec!-;ﬁsymbms are taken from Ref4]. Our values are normalized to
tions. In the paper by Tsuchidat al. [4] which partly ;r at 0.2 MeV. Error bar_s reflect statlsthal errors, including those
overlaps with our work, the absolute values of the cross Secif:/pm the poorly reproducible target density. Cl_Jrves are calculated
. . . o L ithin the SED modelsee Sec. Ill ¢ for three different values of
tions have been derived from the yields <ﬁ0Cand CgO*Zm the parameterg. Solid curve: g=0.007; dash-dotted curveg
ions. These values are based on thg @por density pub- =g 01; dashed curvey=0.005.
lished by Abrefahet al. [21]. It has to be mentioned that in

Lhe l:t?raturrte Gldlfferent \ﬁlg]t)as r?{j theep/aprc])r densrllty ha\ée _wherel (X) denotes the measured intensity of spe&e$he
€en reportedsee, €.9. and, as a CoNSequence, abso-y o\ ities of the considered fullerene-ions are very similar

s e s e ey it he microchamnlpes Therelor, o o
’ ) X . ) above are rather insensitive to the mentioned uncertainties in

the cross sections obtained by Tsuchéataal. [4] using the the detection efficiency

measured total yield of triply charged fragment fullerenes '

Y3 =320l (C31_,,) at 200 keV. At other energies the de-

rived normalization factor has to be corrected by the actual
proton fluxN, and the actual g target density. The latter The cross sections®" for producing fullerene ions with

was assumed to be constant during the measurements. U(Eharge states-L up to 4+ by fast-proton impact on & are

fortunately, the reproducibility of the target density is not y.osented in Fig. 3. For each charge smteross sections
very good: the experiment yields a standard deviation OE_q+ are derived from the sum of thed{ ion and & ,
—Zm

Y3+(E)/NP(E) of about .40% and other'lnvestlgatlons: too, fragment-fullerene intensities, detected severalafter the
show about 25% errors in the reproduct_lon of thg @ensity collision. Due to the importance of theelayed C, evapo-
[22]. Cross sectlon§+for othesrjullerer(}(?r '°"§+§E) are cal-  ation channelg®* rather corresponds to the initial charge
culated 5|mply bya (B)=o (E)[Y (B)/ Y (B)]. . distribution of Gy ions as produced by proton impact. In the

The relative yield of a fullerenelike fragmengg,, is high-velocity range cross sections are taken from R&.
determined by the intensity ratio We have not included our data fer* in Fig. 3, because of
the uncertainty discussed in Sec. Il A arising from electron-
capture processes in the formation of singly charged
i , , ) fullerene ions and the uncertainty in the detection efficiency.
Finally, to .charactenie the evaporation behavior and the stgy experimental cross sections are in acceptable agreement
bility of different Cg; ions we have derived theelative  \jith the values published ifi4] and with the theoretical
evaporation fraction §* [7] model introduced in details in Sec. IV. The cross sections
o%" decrease for higher fullerene charge states at a given
projectile energy, and all cross sections decrease with in-
creasing projectile energy.

The most detailed information about the postionization
development of the fullerene ions is contained in the relative
distributions of the fullerene fragment masses that we ob-
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FIG. 5. Evaporation fractiong2* for charge statesg=1
(squares q=2 (circles, andg=3 (triangles as a function of the
projectile velocity. Solid symbols represents our measurements for
protons, partly already published in Ré6]; hollow symbols are

Sthe results taken from Ref4]. Crossed symbols show our results
for D* + Cg collisions. The curves show the results of our model
calculations(see Sec. IV for more detajls

FIG. 4. The relative yield of the daughter fullerene iarf§
=1(C&_,m)/1(CL) with charge stateg=1 up to 3 after 300-keV
H* + Cq collisions as a function ofm, the number of emitted £

represent values from Reff4]. The lines show the results of our
calculations with(solid lineg and without(dashed linesthe de-
layed electron emissiofsee Sec. IV for more detajls

ined h proiectil le. Fi h already been seen in our previous wdaq but until now
tained at each projectile energy. As an example, Fig. 4 shows,ore nas been no explanation of this phenomenon.

the distribution of fullerene ions after impact of 300-keV 114 two characteristic features of the distribution of
H*. The intensity of the fragment fullereneg(C,,, com-

pared to the intensity of thed ions with the same charge

stateq, decreases with increasing, in agreement with the  jycreasing numbem of evaporated €units, observed here
generally assumed successive &aporation picture. There j, collisions with fast H projectiles will be treated by a

are some exceptions, e.g.@pand G , which may be an  theoretical approach presented in the next section.
indication of a special stability of these fullerene types. Our

data are compared with those from Rg4]. The general
behavior of the distributions is similar. _
The dependence of the evaporation fractidn [see Eq. A. Basic concepts

(2)] on the projectile velocity is shown in Fig. 5. It has A generally accepted physical picture of the process of
been used to reveal information about the excitation mechgonization and fragmentation of fullerenes by fast-ion impact
nism of Gy. In case of collisions of H&*" with Ceo this s based on characteristic time estimates. The collision time
fraction decreases with an increasing projectile velocity profor protons in the considered energy inter¢a00 keV—10
portional to 1/ (at least forv<1 a.u.). Therefore it was MeV) is 10 *-10 1" s. It is much shorter than the typical
concluded that the evaporation process is connected Witlime of any rovibrational motion in the molecule which is
“nuclear energy loss’[7,8]. Contrary, in the case of H  apout 10 s or longer. Therefore to a good approximation
+ Ce collisions, the evaporation processes seem to be corpne can assume that the proton collides with a fixed in space
nected with the electronic excitatid®]: the fractions first  “frozen” molecule and transfers to it some energy, without
increase with increasing proton velocity, reach a maximum afnfluencing the further development of the process. The en-
v~1-2 a.u. and then slightly decrease again. The new datégy is mainly transferred to electronic degrees of freedom
confirm our previous observatioiiBig. 5. As expected, the since the cross section for elastic collision with nuclei is
observed fragment-ion distributions are identical for colli- negligibly small for the considered energies. The deposited
sions of Go with deuterium ions and with protons at the energy is partly spent for ionizatidibinding energy of elec-
same projectile velocity. Moreover, the general tendency isrons and their kinetic energlyHowever, some part of the
confirmed by the experimental data taken from Refl  deposited “electronic” energy is transferred to the vibra-
which join quite well with our data. In addition, Fig. 5 shows tional degrees of freedom i.e., to the internal energy of the
a second nontrivial feature of the evaporation process: fomolecular ion. The subsequent dissociation of the “hot” mo-
each impact velocity, the evaporation fractididS strongly  lecular ion or “evaporation” of small fragments are much
increase with increasing charge stgtfom 1 to 3. This has slower processes that may take from several picoseconds up

fullerene ions, the increase of the “daughtergiC,, ion
intensity with increasing charge stai@and the decrease with

Ill. THEORETICAL MODEL
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to several microseconds or possibly even longer. The coolingling in the proton-G, collision.

of the hot molecular ion also includes emission of photons The second step is electron emissigmompt electrons

and delayed electrons. Since the observation time in a usug@k separation as an independent step is justified by the fact

TOF mass-spectroscopic experiment is aboyislthe de- that on the average the escape time of an ionized electron is

tected particles are created in both the “fast” excitation-ahout 10 '*—10"1° s which is much longer than the colli-

ionization stage of the process as well as the “slow” relax-sjon time but is still much shorter than any vibrational pe-

ation stage. _ riod. The lifetime of a typical autoionizing state is of the
Due to the complexity of the problem, to the best of ourgame order of magnitude. Therefore, we can assume that

knowledge there is no theoretical description of the wholéyectron emission occurs when the scattered proton is already

process of r_nultl_ple ionization and fragmentation of ¢, away, but the target fullerene is still frozen. For a descrip-

fullerenes by ion impact. However, there were several %0n of jonization we use the statistical energy deposition

tempts to describe theoretically or to model some parts of th?SED) model by Russek-Me[i30] and Cockd31] which we

process. A first estimate of the energy transfer in the fastF1 tlv further i @21 and lized for ion-

ion—fullerene collision has been made by LeBriral.[12] ave recently turther improve(@2] and generalized for ion

and Chenget al.[14] on the basis of the plasmon excitation molecule C°"'5'°T‘i33]- o .

model. This model has also been used by Tsuchtdal. [4] The last step is quasiequilibrium evaporatlon.of the neu-

for a description of proton-g collisions. Later it was sug- @l C; fragments. We suppose also that at this stage the

gested to estimate the deposited energy using the semiempfiélayed electron emissigguasithermoemissions possible.

ical formulas for electronic stopping cross sections for ions,JO obtain the final distribution of daughter fullerenes we

Considering gO as a thin carbon film of Corresponding den- solve the differential rate equations that describe the evolu-

sity [5,10,11). For lower velocities ¢ ~1) the energy depo- tion of the charge and mass state distributions during the

sition was calculated with the help of usual approaches in géetection time. The described model is semiempirical since it

stopping-power theory such as the electron-gas mpelg]  contains several free parameters that are fitted to obtained

and the Firsov moddl6]. good agreement with the experiment. Details of the model
The model for multiple ionization of fullerenes by ion are described below.

impact has been suggested by Woheerl. [23]. The Gy

molecule has been considered as composed of 60 indepen- B. Energy deposition. Stopping power and straggling

dent carbon atoms whose positions are fixed during the col- In order to calculate the deposited enerav we use the ap-
lision time. The probability ofn-fold ionization of the P gy P

fullerene is expressed in terms of the ionization probabilityprOXImatlon well known in the stopping power theory, the

of an individual atom for a given impact parameter. For aso—qalled Iocal—pla§ ma or Ioca(lelectrqnic) densit.y approxi-

practical application of the model the impact-parameter de—ggt]gr?f E;%A@hlé Issu bas;cl dogo:]s(ia déc:ﬁ]a 2;(;'1”32% rrieagfje_
pendence of the ionization probability for the atom should be £ 1h ' 99es d dentl 9 I f
known. Another approach, restricted to single- and double[ne.nt of the target atom independently as an electron gas o
ionization only, has been used [4,12,14, suggesting that uniform density that is equal to the electron density of the

the ionization probability is proportional to the probability of atom. Usmg. the known stopping power.of an electron gas
- and integrating over the target volume with the known elec-
plasmon excitation.

) . tron density, a good description of the energy loss in atomic
The multifragmentation of g was modeled for the case : ) - ) )
of collisions with high-energy Xe iong12.14 within the and molecular targets is achievggd—36. We use this ap

simple bond-breaking model. We do not know of any attempPrOX'matlon in order to calculate the energy deposition in an

) . : lon-fullerene collision.
to theoret|ci1lly Qescr|b9 the prc.)d.uct|on of daughter We assume that the projectile ion is a point charge
fullerenes @,_,,, in fast-ion-G, collisions. However, in

moving along a straight-line trajectory with a constant veloc-

slow-collision theory several models were used based O\ » and an impact parametbrwhich is measured from the
\{arious types of statistical approa_ches, such as an eV""porg)é/nter of mass of the targetnolecule. The energy loss in
:\'/Ye enseRrrétl)li/lnl(r)]de{I24E$G, the R|cde-:?;mszergetL-Kasse_l- a collision is a statistical process and the transferred energy
arcus(t ) . ep?gzs%’ (%rha nl%??l?M ?ﬁe on the ma>:j|- may be characterized by the mean energy and energy strag-
mum entropy princip - 'he eory was use gling. Within the LDA the mean deposited energy for a cer-

_also for a descnptu_)n of & fragm_entatlon b_y fast-proton tain ion trajectory can be calculated as a line integral along
impact[6], but only in order to estimate the internal energy ipo trajectory:

from the experimental spectrum of the fragments.

Below we describe a model that combines the description - AnZ2 (=
of proton-impact-induced multiple ionization and the subse- Eq(b)= 5 1f dzp(r)L(p(r),v), 3
guent evaporation of £fragments. Our main assumption is v -

that the ionization-fragmentation process can be divided into

three independent steps. The first step is the energy transfer

from the fast projectile to the electronic system of thewhere thez axis is chosen along the ion-beam direction,
fullerene. Here the local electron-gas approximation by={b,z}, p(r) is the electron density of the fullerene, and
Lindhard and Scharff29] is used for calculating the impact- L(p(r),v) is the usual stopping number. Similarly, the en-
parameter dependence of the mean energy loss and stragrgy straggling as function of the impact parameter may be

023201-5
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FIG. 6. Projected electron density in thg,Garget(dashed line FIG. 7. Stopping power of g for protons(solid line and left

and right axi$ and mean energy loss calculated for 300-keV pro-2Xi9 and stragglingdashed line and right axiss a function of the
tons(solid line and left axisas a function of the impact parameter. Proton energy, calculated within the Lindhard-Scharff model.

calculatedsee Ref[32] for further detail$. Integration over el .

impact parameters gives the stopping cross section and total n 9"Sn(Ew/&1)

straggling. Pn(Ed)= 4
The distribution of electronic density in the;&dmolecule D ( e) 9S(EL/Ey)

has been taken from Puska-Nieminen calculati¢8g] =\ ki

within the modified jellium model. As an example, Fig. 6

shows the impact-parameter dependence of the mean energy, . N
loss calculated according to E@) for the proton energy of
300 keV. In the same figure the projected electron density o,
the fullereng(integrated along) is presented. One notes that
both curves are similar showing a characteristic behavio
[6,8] with a maximum at about 6 a.u. which is close to the
average position of the nuclear cage. The energy loss is vary-
ing from ~70 eV for the trajectory passing through the cen-
ter of the fullerene to~120 eV at the maximum. Similar
distributions have been calculated for other energies. The = ET_; &~ Er(n), ®)
calculated total-energy-loss cross section and straggling as

function of the proton energy are shown in Fig. 7. Compary, po e & is theith ionization energy andtg(n) is the re-

ing the results with the energy IOS.S s proton to Carbo_rl‘.idual excitation of the remaining ion. The latter consists of
atoms]{38] wc;:; note that the eIec_tronlc energy IO,SS IS approXi-ye energy transferred to the vibrational degrees of freedom
mately 2-7% less than predicted by Bragg's rule which AE;,) but can also contain some residual electronic excita-

states that the st_opplng power of a m_olecule is equal to th ons. The dimensionless parametgis proportional to the
sum of the stopping power of its constituent atoms. Unfortu-,

telv. to the best of K ledae. th .~ “mean square matrix element of a single ionization and it is
nately, to the best of our knowledge, there areé no experlmerEupposed that for multiple ionization the mean square matrix
tal data for the stopping power of gaseoug, €@r protons.

0 lculati | 1o that calculatedas] f element behaves according to a power law. The congtant
taﬁirn::eaczu ations are close to that calculated38] for crys- considered as a free parameter, its value being fitted to give a
O.

good agreement with the experimental cross-section ratios.
For the factorS,(E/&) characterizing the density of the
C. Multiple ionization final states a simple expression was obtaif&d (see Ref.

The cross section for multiple ionization ofhas been [32(]3_for de:‘ails). d ited q ling f
calculated using the extended version of the Russek-Meli- lven the mean deposited energy and straggling for a
Cocke SED mod€]l32,33. Within this model the cross sec- certain impact parameter, the probgblhty of multiple loniza-
tion is proportional to the volume of phase space available irli'o.rr‘] Cﬁm (lj)e obt.alr;ed by a 39nyglu§|on of the probabi{ity
each ionization state, and it is directly related to the deposw't the deposited energy distribution,
ited energy and the ionization potentials of the various levels.

As was shown if30] the probability ofn-fold ionization for B , , ,
a certain deposited ener@y can be expressed as Pn(0)= | dE4Pn(Eq)W(Eg.b). ®)

o is the number of considered electron¥¢)(is the
inomial coefficient, andt, is the kinetic energy available to

he electrons if the residual ion is left in th ionization

state. The relation between the deposited energy and the ki-

hetic energyE, carried off by the ionized electrons is given

n
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For thew(E/,b) distribution we have used the power form sponding to @3’ jons are non-zera;[hey are supposed to be
suggested in Ref32]. Then the total cross section of mul- proportional to the ionization cross sections calculated in
tiple ionization is Sec. IlI C. The solution of the rate equations at the final
moment of observation,,.,=1 uS characterizes the final
charge and mass distribution of the fragments.
The key problem is the evaluation of the rate constants.
Un:J d?b Pp(b). () We have chosen the Arrhenius-type representation which is
often used in practical calculatiof25,40,42,43

q - _

Using Eqgs.(4)—(7) we have calculated the total multiple- Km-.m+1=Aey XA~ Ea/ksT), ©
ionization cross sections for a range of proton energies from qoqrl_

100 keV to 2 MeV. The results are presented in Fig. 3, where Km =Aion €XI(— &1 /KeT). (10

they are compared with the experimental results of this Worli-lerek is the Boltzmann constari is the temperature de-
and[4]. We show the results for three different values of the’ . ~"B ; ' perat
scribing the internal energy of the fullerene ids, is the

g factor to demonstrate the sensitivity of the results to varia~~,.~ " . .
tions ofg. It is clear that by fitting the free parameit is activation eryerg.)(threshold of C; evaporationz, is the .
possible to describe rather accurately the multiple-ionizatioﬁq+ 1)th ionization threshold. In the Ilte_ratl_Jre there is a big
cross sections fay>1. Single ionization is overestimated by d|scusspn about the value of the activation energy of C
the model(see the discussion in Sec.)IWVe note, however, evaporqtlon and the value of the pr_eexpc_)nerjUaI fagigr
that the calculated cross sections describe emission of oni)r/]at varies by many orders of magnitude in different papers

prompt electrons. The delayed electron emission can modif#/see’ for examplé44]). The latest experimental and theoret-

the final charge distribution of fullerenes measured in experi-fal papers favor a high value of the activation ene(;ﬁ%éy
ment. This effect is considered in the next section. =10-12 ev [45,4 as well as high values ohe,~1
—10?! s71 [44,47). The ionization thresholds for fullerene

ions are better established. We have taken the values from
D. Evaporation of C, fragments and delayed electron emission R€fs.[49,50: £,=11.4 eV, the electron binding energy in
, . Coo; £5=16.6 eV (Gg); and£,=20 eV (Gj). As fol-

In the first two stages of the collision the hot fullerene | o« om experimental data, the activation eneydoes
. i . X . :
ions G, are produced. Since part of the deposited energy i gepend significantly on the charge state of the ion and on
transferred to the internal energy, the fullerene ions are Vigne number of evaporated, @imers[47]. Similarly the ion-
brationally excited. Furthermore, they may be electronically;ation thresholds are practically independent of the fragment
excited. The hot fullerene ions may then emii Geutral  55949). There is a big variation also in the preexponential
fragments and delayed electrons. The cooling process ifycior for the delayed electron emissidn,, derived from
cludes also fluorescen¢d0,41 but in the first approxima-  gyheriments or from theoretical considerations. The values
tion we ignore it and consider only two processes of coollng'Vary from 103 s~ [42] to 10" s~ [51]. We have chosen
Qz and electron emiss.i(_)n.. We assume that they may be cofpeyalue 2¢ 10 s ¢ as suggested by Klof#8] and used in
S'de,r_ed as quaS|eqU|I|br|um processes .although the T€@hodel calculation$40]. The temperaturd in Egs.(9) and
equilibration is probably not achieved within the observatlon(lo) is connected with the internal energy by the equation

time (see the discussion below [25]
To characterize the distribution of fullerene ions over
charge and mass we introduce the fractiéifswhich give (3n—6)hw
the relative population of the iondg ,.,. The time evolution EirFW, (11
of the fractions is described by a system of rate equations B
dFd(t) wheren=60-2m is the number of atoms in the fullerene,
o —FaO(KS, e KT+ FO (ka1 and the average vibrational frequency for ions was chosen
the same as for neutral fullerene=2.7x10" Hz, taken
+F (DK, gy  from[52]. At each act of evaporation the internal energy is

diminished by the valu&,+E,;,+ Ec, where the evapo-
rated fragment kinetic enerdyy;, and internal energ¥c,
The rate constantk? .., determine the € evaporation were approximated bykaT [25]. At each act of the delayed
rates whilekﬂ;’qul determine the delayed ionization rates. electron emission the internal energy is diminished by
The first term in Eq(8) describes a decrease of the fraction
F due to emission of the Cfragments and delayed elec-
trons, the second and third terms describe an increase of then the calculations we ignore neutral exciteghCSince the first
fraction due to G emission from the previous even-massionization threshold is comparatively sm&fl.54 eV} all hot neu-
fullerene of the same charge and due to electron emissiofals quickly ionize to @,. Those fullerenes that remain neutral
from the fullerene of the same mass but lower charge, reshould not be considered since they are not registered in the experi-
spectively. At the initial moment only fraction8g corre-  ment.
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~&q+1- Since the temperature of the target gas was abou 10° E
550 °C, the initial internal energy was about 5 eV. After the
collision the internal energy is increased A¥;,. We sup-

pose that the energy transferred to the vibrational degrees CN/E\
freedom during the collision is proportional to the average ©
deposited energyE) v

10" 3

(10"

AEin=a<Ed>, (12)

wherec is a parametefwhich is about 0.2, see Sec.)IMFor
simplicity we suppose that the spectrum of the transferred
internal energy is described by the same form as the tota
deposited energy with parameters fitted to the average trans
ferred internal energy and its straggling; similarly, the latter
is assumed to be proportional to the average straggling of the
deposited energQ 2 = «*(Q?). From our calculations of the

cross section

-2
deposited energy it follows that the average deposited energ~ '° 01 ' R
is varying from 156 eV for 100 keV protons to 28 eV for 2 ' proton energy (MeV)
MeV protons, while the average straggling is varying only
slightly from 111 to 118 eV in this energy range. FIG. 8. Cross sections of fullerene ion productiefi* for dif-

The calculation procedure was the following. For each offerent proton energies. Experimental data are the same as in Fig. 3.
the transferred internal energy the system of the rate equdashed lines show the results of calculations within the SED model
tions (8) with the corresponding rate constaii® and (10) (only prompt electron emissionSolid lines include corrections due
was solved up ta=1 us. The final charge and mass distri- to the G evaporation and the delayed electron emission.
bution was averaged over the transferred internal energy
spectrum. The results of the calculations are discussed in th@nstant were chosen to beA,,=2x10¥s! E,

following section. =11.6 eV, anda=0.23. The calculated ratios are practi-
cally identical for different charge states. The results clearly
IV. COMPARISON OF THE EXPERIMENTAL RESULTS disagree with the experiment which shows much larger
WITH THE MODEL CALCULATIONS AND evaporation fractions for higher charge states. Very similar
DISCUSSION model results are obtained with account for the delayed elec-

tron emission withA;,,=2x 10'® s and experimental val-

First we discuss the multiple-ionization cross sectithe  ues of ionization thresholds. The situation can only be im-
yields of fullerenes of different chargeThe calculated cross proved by increasing the contribution of the delayed electron
sections for production of fullerenes of different charge areemission. We prefer not to increase the preexponential factor
compared with the experimental results in Fig. 8. The dasheph order to preserve the difference of several orders of mag-
curves give the results of the calculations within the SEDnitude inA,, andA,, as follows from the experimef3].
model with the parametey=0.007. We note that this value Instead we diminish the threshold values. The solid curves in
is very close to that obtained earlier for the ion-atf82]  Fig. 4 show the distributions calculated witfy=8.9 eV,
and ion-moleculd33] collisions. The solid curves show the £;=9.6 eV andf,= 14 eV. Now the calculated distributions
cross sections corrected for the emission of the delayed elegenerally correspond to the experiment. The physical expla-
trons. We see that the cross sections for the-2" ioniza-  nation of the smaller threshold energies lies in the residual
tion fit the experimental data quite well. The calculatedelectronic excitations of the fullerene after the collision at
single ionization cross section overestimates the experimemgast until the first ¢ emission; actually it is very probable
by a factor of 2. We think that such a discrepancy is withinthat the ionization is accompanied by electronic excitations.
the accuracy of the model and possibly also of the experiSome of the excited states may be sufficiently long living.
ment. Due to its statistical nature the model can hardly berhis question has already been discussed for neutral
more accurate for the single ionization. We note also that afullerenes in connection with the nature of the delayed elec-
this stage of the discussion, when only the cross sections faron emissior{54—57. It was suggested that, at least partly,
ionization are considered, it is not necessary to introduce thghe delayed electron emission is associated with autoioniza-
corrections due to delayed electron emission. The same quajon of the metastable triplet excited stafgst] or highly
ity of agreement can be obtained also without corrections bygxcited autoionizing statd$8]. We think it is plausible to
slightly increasing they parametefcompare with Fig. B assume the existence of some long-living excited states also

We next discuss the predictions of the @vaporation for fullerene ions. Effectively their excitation would lead to
model. As an example, we show in Fig. 4 the charge andhe decrease of the ionization thresholds.
mass distribution of daughter fullerenes calculated for a pro- In Fig. 5 the calculated and measured evaporation frac-
ton energy of 300 keV. The dashed curves show the results afons are compared. One can see that the chosen set of pa-
calculation of the relative yieldd," disregarding the delayed rameters permits us to describe the experimental data quite
electron emission. The parameters of the evaporation rateell. Concluding the comparison of the model calculations
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with the experiment we note that in spite of considerablethat describes both the fast and the slow stages of the pro-
uncertainty in the model parameters, especially in the pantess. The model is semiphenomenological in the sense that it
describing the €evaporation and delayed electron emissioncontains adjustable parameters. In spite of this, analyzing the
rates, the fitting procedure indicates some basic physical fea@xperimental data within the framework of the model we are
tures which are almost independent of the particular choicable to draw some conclusions about the nature of the com-
of parameters. It seems that the delayed electron emission @icated process of §g fragmentation. It is clear that the
an important factor determining the final charge and massuccessive evaporation of, @eutral dimers can explain the
distribution of fullerenes in TOF experiments. If it is so, thenmass distribution of the fullerene fragments. However, to
the residual excitation of fullerenes may play a crucial role indescribe the charge distributions it is apparently necessary to
explaining the experimental data. In the described model wéake into account the delayed electron emission, too. We also
supposed that the energy transferred to the vibrational dérave an indication that the latter process occurs in the ex-
grees of freedom is proportional to the total deposited energygited fullerene ion. Therefore, the cooling of the hot fullerene
and does not depend on the charge state of the ion fullerens. not an equilibrium process. The equilibration between
There may be arguments claiming that higher degrees of iorelectronic and vibrational degrees of freedom is not yet
ization are associated with higher temperature. We plan tachieved when the fullerene emits delayed electrons gnd C

explore this possibility in future work. fragments. This is consistent with other observations dis-
cussed recently in review papers by Campbell and Levine
V. CONCLUSIONS [59,60.

We have presented the results of our time-of-flight mea-
_sur_em_ents of the yields of_ all charged fragments produced in ACKNOWLEDGMENTS
ionization and fragmentation of¢gby proton and deuteron
impact in the collision energy range of 50-300 keV. Our We are indebted to R. Schmidt for stimulating discus-
results are in a good agreement with the published data a&ions. N.M.K. is grateful to the Bielefeld University for hos-
lower and higher energies. The measured charge and mag#ality. This work was supported in part by the Deutsche
distributions are formed by a fast process of primary colli-ForschungsgemeinschafDFG) in the project “Stralung-
sion and prompt electron emission as well as by a comparawechselwirkungen” and has been carried out within the
tively slow process of €evaporation and delayed electron framework of the European network LEINo. HRPI-CT-
emission from the hot fullerene ion. We suggested a model999-40012
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