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Abstract

We extended our previously developed semi-empirical method for the calculation of cross section functions (absolute value and energy de-
pendence) for the electron-impactionization of the neutral fullereggatd Go, of the ionized fullerenesdg®™ (z = 1-3), and of multiple ion-
ization processes of the negatively charged fullerengs(@ = 60, 70, and 84) to the fragmentation and dissociative ionization of neutral and
ionized Go and Go. Measured cross sections for these processes were found to display a sharp peak in the cross section function at low
impact energies which was attributed to a plasmon excitation at these energies [Phys. Rev. Lett. 85 (2000) 3604], whereas the high-energy
shape of the cross sections exhibited the well-known energy dependence of a direct ionization process. The introduction of a “decay factor”
in our model allowed us to separate the two contributions and we found in all cases that the plasmon contribution to the cross section exhibits
a very similar shape.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction charged fullerenes,& (m = 60, 70, 84)3]. The necessity
to rely on a semi-empirical approach to the calculation of
Recently, we introduced a semi-empirical method for electron-impact ionization cross section functions for neu-
the calculation of absolute cross section functions for the tral and ionized fullerenes that are in reasonably good agree-
electron-impact ionization of the neutral, positively, and ment with experimentally determined cross sectifhs7]
negatively charged fullerenesg€and Go [1-3] which comes from the fact that more rigorous calculation methods
yielded results that were in general in good agreement with [8—11], which yield reasonably good agreement (to within
available experimental dafd—7]. Our method was initially ~ 20%) with measured data for a large number of simple as
developed for the calculation of partial cross section func- well as complex molecules, were not capable of reproducing
tions (absolute value and energy dependence) for the singlethe available experimental data for the fullerenes.
electron-impact ionization of several neutral and ionized  In the present paper, we extend the previous approach to
fullerenes Go** (z = 0-3)[1]. Subsequently, we success- the electron-impact induced fragmentation and dissociative
fully extended this approach to the calculation of multiple jonization of neutral and ionized fullerenes, for which exper-
electron-impact ionization cross sections of the neutral imental date4,12] consistently exhibit a very unusual and
fullerenes o and Go [2] and to the calculation of multiple  distinct cross section shape. Specifically, we consider the
electron-impact ionization cross sections of the negatively fragmentation of Go** into Csg** (z = 1-3), the dissocia-
tive ionization of Gg into Csg*™ (z = 1-3), and dissociative
ionization of Gginto C, ™ (n = 68, 66, 64, 62). In the case of
143,009,507 2030, the electron ir)duced fragmentation ofgc the authors statg
E-mail address paul.scheier@uibk.ac.at (P. Scheier). [12] “At energies below 100 eVaweIITpronounceq peak-like
L Also Adjunct Professor: Department Plasma Physics, Comenius structure can be observed and at higher energies the cross
University, SK-84248 Bratislava, Slovakia. sections behave like a typical ionization cross section.” In
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an attempt to separate these two contributions, these authors
fitted the high-energy part to a Lotz-formyle3]. They also
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the various values of the final charge statsee Ref.

[2] for details).

proposed that the fragmentation process induced by electron(iv) The energy shifE* as defined inEgs. (2a) and (2b)

impact at low energies is predominantly caused by a plas-
mon excitation. Here we extend our previously developed
formalism in an effort to provide a description for the con-

tributions to the measured cross sections arising from the
direct ionization, which dominates at higher impact energies
and, in the process, elucidate trends and similarities in the
low-energy contributions attributed to plasmon excitation.

2. Background

In a previous papel2] we introduced a general formula
for the calculation of the partial ionization cross section
o(C,**, E) for the ionization of a fullerene , consisting
of m monomers# = 60, 70) to a final charge starg(z =
1-6) as a function of the impact energyof the form

o(Cp*t, E) =m* - e . &2 . oC(E") - Foagd E) (1)
with
E* = E — [Eo + (IPcluster-ion — IPmonomep]

for ionic targets and multiple ionization of

neutral fullerenes (2a)

E* = E — Ep forsingle ionization of neutral fullerenes
(2b)
The exponent &’ (taken from Ref.[14]) results from a

relationship between the radius of the clusRgpsierand the
radius of the monomeatyonomerof the form

3)

(see Ref[15]), and the other quantities in formula (1) have
the following meaning:

— a
Recluster= m“rmonomer

(i) The exponent B;” determines the so-called “struc-
ture factor”, exp{-by). The structure factor leads to a
reduction in the maximum fullerene ionization cross
section compared to the valug?® predicted by the
simple “cluster” formula[14]. This is a consequence
of the fact that fullerenes have very distinct structures
that makes them different from simple collections of
60 or 70 independent C atoms. The expondnt Was
found to be a function of the cluster size™ [2].

(i) The exponentb,” determines the so-called “ionization
factor”, exptby). The ionization factor was found to
decline exponentially for > 1 for both Go and Gg
[2]and is different for fullerenes of different sine

(iif) The energy dependendecagdE) describes the devi-
ation of the cross section shape of the fullereng C
from the cross section shape of the monomer C. Dif-
ferent functionsFcagd E) apply to Go and Gg and to

was introduced as a way to properly describe the low
energy dependence of the cross sections. Heie

the kinetic energy of the primary electron, afig
describes the energy loss due to inelastic scattering.
The values for the ionization energies (IPs) can be
found in Ref.[6]. The combined effect of the function
Fcagd E) and the use of the “shifted” enerdy" in the
monomer cross section is a shift of the maximum in
the fullerene ionization cross section to higher ener-
gies in conjunction with a broadening of the region of
the cross section maximum compared to the monomer
ionization cross section and a more gradual decline
of the fullerene cross section with increasing impact
energy at higher impact energies (above about 100 eV).
The quantityoc(E*) refers to the total ionization cross
section of the carbon monomer as a function of the
“shifted” energyE* and is taken from the paper of
Brook et al.[16].

(v)

The application of formula (1) required the empirical de-
termination of the various parameters (structure factor, ion-
ization factor, functiorFcagd E), and shifted energlg*) from
a sub-set of the measured experimental {&t&] followed
by the subsequent application of formula (1) to all cases for
which experimental data are available. Further details can
be found in our previous publicatiofi$—3].

3. Extension of the formalism to the fragmentation and
dissociative ionization of neutral and ionized fullerenes

In this section we describe in detail the extension of the
DM formalism to three cases involving the fragmentation
and dissociative ionization of neutral and ionized fullerenes.
Specifically, we consider the fragmentation afo€" (z =
1-3), the dissociative ionization ogginto Csg*™ (z = 1-3)
fragment ions, and the dissociative ionization ofy@to
C,T (n = 68, 66, 64, 62) fragment ions.

3.1. Fragmentation of the fullerene ions Cgo?™ (z = 1-3)
into Csg?™ ions

The processes that we want to describe here are two-step
processes of the form

C60+ +e — C602+ + 26 — C58+ +Co+e (4a)
Coo’" +& — Coot +26 — Csg?t +Co+e  (4b)
Ce()?’+ +e — Ce()4+ + 26 — C583Jr +Co+e (4c)

where, for example in (4a), the initial direct ionization is
followed by the recapture of one of the two outgoing elec-
trons, which subsequently induces the fragmentation of the
doubly charged fullerene into a singly charged fragment ion
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Table 1 with E* = Eq—E. Eq. (7)is formally identical tdeq. (5) but
Summary of pertinent parameters required for the applicatidagst (5), the specific values d*, Fcag&E)a andFdecaydepend on the

7 ; )

() and (9) charge stateZ’. The values of, (which determine&*) and

Process Parametép ~ ParameteE,  ParameteFgecay Fdecay Which were obtained empirically, are summarized in

Ceo™ — Csg™ 0.255 35V 0.132 Table 1and the functiorFcagdE) is taken from Ref[2].

Ce0?™ — Csg?™  0.510 35eV 0.255

Ceo®t — Csg®  0.765 35eV 0.500 U ;

Ceo — Css™ 1.347 75V 0.046 3.3. Dlssouanve_lonlzatlon of Cyginto C,* (n = 68, 66,

Ce0 — Csg?t 3.442 90eV 0.55 64, 62) fragment ions

Ceo — Csg®t 5.438 115eV 1.0

270 - g68+ 8-232 ;gx 8-8?;‘5‘; The dissociative ionization of4ginto singly charged ¢+
70 — Le66 . . _ .

Cro — Caat 0.693 85 eV 0.00720 (n = 68, 66, 64, 62) fragment ions

Cro — Ceot 0.693 90eV 0.00145

Cro+ € — Cro®" +3¢ — Crooic, " +iCa+2e (8
Listed are the ionization factorb”, the energy parametdgy, and the 70+ 70 70-iC, - +it2 ( )

decay factorFgecay For the processes studied here. All other parameters ) ]
can be found in our earlier publicatiofis—3]. (i = 1-4 for Gsg™, Csst, Cos™, and Go1) is considered

next. Here, a doubly charged parention is initially produced,
which subsequently dissociates accompanied by the recap-
ture of one of the outgoing electrons. Our formalism applied
yields the following expression

and a neutral € molecule. We modify the aboviEq. (1)
in an effort to describe the contributions to the above pro-
cesses attributable to the direct ionization and write it in the
following form:

o(Ceo, E) = (70)0768. g~1132 50693
o(Ceo™, E) = (6075 e™079. 72 0C(E") - Feagd E) - Fdecay )

-oc(E¥) - Feagd E) - Fdecay (5)

with E* = Eq— E where the pertinent valués, andFgecay
where we introduced a “fragmentation factéfgecayin an which were determined empirically, are listedTiable 1and
effort to separate the two contributions to the measured CrOSSFc4geis taken from Ref[2].
section, the low-energy contribution attributed to plasmon
excitation and the high-energy direct ionization part. The
fragmentation factor$qecay Were determined empirically e i e )
from a fit of the cross section described By. (5)and the c, te ~C, +C +e
experimental dat§l2], all other required parameters were . . .
taken from Refs[1-3] using Ep = 35eV. The pertinent
parameters are also summarizedTable 1(together with
the values of these parameters that are required for the cross
section calculations of the processes discussed below).

® calculation |
O experiment
-----difference -

=
oo N » o
1 1 1 1

3.2. Dissociative ionization of Cgg into Csg*t (z = 1-3)
fragment ions

We now consider the dissociative ionization of the neutral
fullerenes Gg into Csg*+ (z = 1-3) fragment ions. As be-

Cross section (10°° m%)
[6)]

fore, we view the process as a two-step reaction of the form 18_ o T T
O,p‘u
58 | "

Ceo" + €& — Ceo“™ + (z +2)e” — Csg®™ + (z + Ve~ . ,r

(6) §
(z = 1-3) where a{+ 1)-fold positively charged parent ion 0+ - .
is initially produced, which subsequently dissociates into a 10 100 1000
Csg** fragment ion accompanied by the recapture of one of Electron energy (eV)
the outgoing electrons. Our formalism yields the following Fig. 1. cross section for the fragmentation ahe" into Csg™+ (z = 1-3)
expression as a function of electron energy. The measured data (open circles) are

compared with the present calculation (solid line). Also shown is the

G(CGOZJF, E)= (60)0.768. e70.79 . esz difference (dashed line) between the measured data and the present cal-

culation which is attributed to the plasmon contribution in the process
-0C(E™) - Feagd E) - Fdecay (7 (see text for detalils).
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4. Results and discussion ' ' ' ' ' ' '

Fig. 1shows the measured cross sections for the two-step /O
fragmentation of Go*™ (z = 1-3) into Gg** from Ref.[12]
via the processes (4a) through (4c) in comparison with our
calculation, which describes only the direct ionization part of
the process. Also shown is the difference between the mea-
sured and the calculated data, which represents the contribu-
tion attributed to plasmon excitation. In all three cases, the 10° ? ' ' ' ' ' '
plasmon part has a prominent maximum around 30eV and 62 63 64 65 66 67 68
decreases rapidly with increasing impact energy and above Cluster size (n)
100eV, the dlr_ect ionization partdom_lnates th_e Cross sectlon.Fig_ 3. Decay factor for the dissociative ionization ofGnto C,* as a
Two observations are noteworthy, (i) the ratio of the peak ;,ciion of cluster sizen.
heights of the plasmon part to the direct ionization part de-
creases with increasing charge state of the target and (ii) thewards higher impact energies as the numberofr&@&ments
threshold for the three curves shifts slightly towards higher produced in the process increases.
impact energy as the charge state of the target increases.  Fig. 3 shows the decay factor as a function of the cluster
Fig. 2shows similar curves for the dissociative ionization size. It is apparent that the decay factor and thus the absolute
of Cyp into G, ™ fragments £ = 68, 66, 64, 62) via pro-  values of the ionization cross section declines as the number
cesses (8). Again, the plasmon contribution shows a sharpof C, dimes produced in the process increases.
peak at low energy and becomes essentially negligible at Fig. 4shows the measured cross sections for the two-step
energies above about 150eV. Here, the ratio of the peakdissociative ionization of § into Csg*t (z = 1-3) from
heights of the plasmon contribution to the direct ionization Ref. [12] via the process (4) in comparison with our cal-
contribution stays essentially constant at a value of aboutculation, which describes only the direct ionization part of
3. As expected, the plasmon contribution shifts slightly to- the process. Also shown is the difference between the mea-

Decay factor

10 T

T T T
) 6 )
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Fig. 2. Cross section for the dissociative ionization g @s a function of electron energy. The measured data (open circles) are compared with the

present calculation (solid line). Also shown is the difference (dashed line) between the measured data and the present calculation whieh i® attribut
the plasmon contribution in the process (see text for details).
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(&) 58 Fig. 6. Plasmon contribution as a function of electron energy for the
fragmentation of G (z = 1-3) ions (dashed lines), the dissociative
54 b4 ionization of G into Csg** (z = 1-3) (dotted lines), and the dissociative
g ionization of Gg into C,* (n = 68, 66, 64, 62) (solid lines). The various
D/' curves are labeled in the figure. All curves have been normalized to the
0 .

same peak height and have been shifted in energy to the energy position

T . L ™
100 1000 of the pure fragmentation process.

Electron energy (eV)

Fig. 4. Cross section for the dissociative ionization @b @s a function Lastly, Fig. 6 shows the plasmon contributions extracted
of electron energy. The measured data (open circles) are compared withfrom the various measured data shownFigs. 1, 2 and
the present calculation (solid line). Also shown is the difference (dashed 4. The various contributions have all been normalized in
line) between the measured data and the present calculation which istérms of their absolute magnitude in order to facilitate a
attributed to the plasmon contribution in the process (see text for details). . . g :
meaningful comparison. Furthermore, the plasmon contri-
butions extracted from the dissociative ionization processes
have been shifted to the energy position of pure frag-
mentation. The various curves displayedFiy. 6 show a
very similar behavior, a sharp peak around 30eV and a

sured and the calculated data, which represents the contribu
tion attributed to plasmon excitation. The magnitude of the
plasmon part relative to the direct ionization part decreases

sharply with increasing charge state of thg @agment ion. ) SN .
Furthermore, the position of the threshold of the plasmon rapid drop_ ab_ove 50 _e\_/, which indicates (i) that_ the plas-
mon contribution exhibits an almost resonance-like energy

contribution and the energy at which it peaks shift to higher q 4 (i) that th died h
energies as the charge state of the fragment ion increases a%epgn ence ano (i t a.t t_e processes studied here are
ominated by direct ionization at energies above about

one would expect.

Fig. 5shows the decay factor as a function of the charge 100eV.
state for both the ions and the neutrals. As one would expect,
the decay factor is different for ions and neutrals and exhibits )
a behavior that indicates that the fragmentation of a kigh- - Conclusions

target is more efficient, i.e., has a higher cross section. ) .
We extended our semi-empirical method for the calcu-

—O—ons
14 —A— neutrals /A,

5 A o
*g /
< )
3
@ )
o 0.14 1

N

1 2 3

Charge state (z)

lation of cross section functions (absolute value and en-
ergy dependence) for the electron-impact ionization of the
neutral fullerenes gy and Goq, of the ionized fullerenes
Ce0°T (z = 1-3), and of multiple ionization processes
of the negatively charged fullerenes,C (m = 60, 70,
and 84) to the fragmentation and dissociative ionization of
neutral and ionized § and Ggo. Measured cross sections
for these processes display a sharp peak in the cross sec-
tion function at low impact energies which was attributed
to a plasmon excitation at these energ[@$, whereas
the high-energy shape of the cross sections exhibit the

well-known energy dependence of a direct ionization pro-
cess. The introduction of a “decay factor” in our model
allowed us to separate the two contributions and we found

Fig. 5. Decay factor for the fragmentation okt into Csg** + C;
(z = 1-3) and for the dissociative ionization ogginto Csg** (z = 1-3)
as a function of the charge state.
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