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Abstract

We have developed a semi-empirical approach to the calculation of cross-section functions (absolute value and ene
dependence) for the electron-impact ionization of several neutral and ionized fullerggs &= 0-3), for which reliable
experimental data have been reported. In particular, we propose a modification of the simplistic assumption that the ionizati
cross-section of a cluster/fullerene is given as the product of the monomer ionization cross-section and, fabtre ‘m’
is the number of monomers in the ensemble aaids a constant. A comparison between our calculations and the available
experimental data reveals good agreemengfer0, 1, and 3. In the case of the ionization @& (¢ = 2), our calculation
lies significantly below the measured cross-section which we interpret as an indication that additional indirect ionizatio
processes are present for this charge state. (Int J Mass Spectrom 223—-224 (2003) 1-8)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction for the vast majority of molecules. Even in cases such

as the fluorine-containing free radicals Cénd NF
Electron-impact ionization cross-section functions (, — 1-3), where earlier calculations revealed a sig-

have been measured for nearly 100 molecules includ- pificant disagreement between measured and calcu-

ing free radicals, clusters, and fullererjéh Calcula- lated cross-sections of up to a factor 2, the same 20%

tion of absolute total single ionization cross-sections |eye| of agreement has been achieved recently using a
for most molecules and their energy dependence us-modified BEB approackb.

ing semi-rigorous methods such as the BEB method of  The sjtuation is distinctly different for clusters and
Kim and coworker$2,3] and the Deutsch-Mark (DM)  fy|ierenes. Several theoretical models have been ap-
formalism [4] reveal reasonably good agreement (to pjied to the quantitative characterization of the ioniza-
within 20%) between measured and calculated data tjon properties of clusters and fullerenes, i.e., to the

—_— . ) ) calculation of their absolute ionization cross-sections
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the following detailed discussion) result in different

absolute ionization cross-sections both in terms of
the absolute value and the cross-section shape as a
function of electron-impact energy for a given target.
However, none of the methods appears to succeed in
reproducing the experimental data that are available

for a few targets. In this context, we will not distin-
guish between “clusters” and “fullerenes”. Both will

be considered “ensembles of monomers” encompass-
ing a large number of constituents and geometrical
structures ranging from a hard sphere packing arrange-

ment to a hollow cage structure.

In this paper, we introduce a semi-empirical ap- o
proach to the calculation of cross-section functions
(absolute value and energy dependence) for the
electron-impact ionization of several neutral and ion-

ized fullerenes g+ (¢ = 0-3), for which reliable

experimental data have been reported. In particular,
we want to test for these selected cases to what ex-
tent, if at all, the assumption holds that the ionization

cross-section of a cluster/fullerene is given as the
product of the monomer ionization cross-section and

a factornm?, where ‘m” is the number of monomers
in the ensemble and" is a constant.

2. Background

In the past, the following theoretical approaches
have been applied to the calculation of ionization

cross-sections of clusters/fullerenes:

1. The simple Additivity Rule (AR)—based on the
AR for molecules[8-10}—has been applied to

the calculation of total ionization cross-sections

of small clustersX,, consisting ofm monomers.
The cluster cross-sectiangi(X,;) is expressed in
terms of the monomer cross-sectiopi(X) as

otot(Xm) = moor(X) 1)

and both cross-sections are functions of the elec-
tron energyE and obviously have the same energy
dependence. Whileg. (1) holds for total ion-
ization cross-sections, similar considerations also
apply to partial ionization cross-sectiortsq. (1)

was sometimes applied without taking into account
possible fragmentation and cascading effects (see
Ref. [11] for a discussion of potential pitfalls re-
sulting from this approach). Even for dimers and
trimersEq. (1) has to be modified according to a
“defect concept” to

otot(Xm) = mT Moo (X) (1a)

with A depending on the proton number of the
cluster constituent. With .85 < A < 0.1, all
experimentally determined cross-sections can be
reproduced quite nicelfd2].

A modified additivity rule (MAR) based on ge-
ometrical concepts and particularly applicable to
large clusters was proposed which introduced an

exponent &” (« < 1) in the following way:

otot(Xm) = m®oot(X) (2

Simple geometrical considerations lead to a pre-
diction of @« = 2/3[13] in the limit of large cluster
sizes. The same formula was later proposed by
Deutsch et al[14] using a simplified version of
the DM formalism[15,16] (see also the follow-
ing discussion) in which the radius of the cluster,
Reuster replaced the atomic radius of the outer-
most shell of the target which is a critical quantity
in the DM formula. In this case, the value= 2/3
represents the lower limit of the exponent’“and
corresponds to some kind of hard sphere packing
approximation. These authors used an empirically
determined exponent = 0.84 in their calcula-
tions of ionization cross-sections forntnd CQ
clusters ranging in size range from a few hundred
to 100,000 monomers. We note thBY. (2) is
sometimes written in the form

otot(Xm) = m*oor(X) (29)

where the radius of the clustéRguster is related
to the radius of the monoméeRngonomes Via

Reluster= m“ Rmonomer (Zb)

As was the case iEqg. (1) the cross-sections in
Egs. (2) and (2ajre functions of the electron
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energyE and have the same dependence on the
electron energyl4].

. The DM formalism, which was originally devel-
oped as a semi-classical approach to the calcu-
lation of atomic single ionization cross-sections,
has been extended to molecules, fullerenes, and
clusters[4,6] by employing a Mulliken or other
atomic population analysis that expresses the
fullerene orbitals in terms of the atomic orbitals
of the constitutent atoms. In the case ofpCa
Mulliken population analysis of the outermost 120
Cgo orbitals was carried out in terms of the C(2s)
and C(2p) atomic carbon orbitals, whereas con-
tributions from the tightly bound C(1s) orbitals
were neglected. In this approach, the 60 carbon
atoms are considered an ensemble of 60 indepen-
dent atoms and no allowance is made for the cage
structure of Go. The application of this variant of
the DM formula to the calculation of the ionization

cross-section of g resulted in an overestimation 5.

of the cross-section maximum by at least a factor
of 2 compared to the most reliable experimental re-
sults[17-20] Deutsch et al[6] speculated that this
discrepancy may be due to the fact that this variant
of the DM formalism did not take into account the
special geometrical arrangement of thgy €age.
Moreover, the DM formula was also not capable
of reproducing the unusual energy dependence of
the measured £ ionization cross-section, which

is not surprising, as the DM formalism uses a
Gryzinski-type energy dependence for the atomic
ionization cross-sectiorjd] which does not change
when the formula is applied to molecules and
clusters/fullerenes.

. The jellium mode|21] incorporates a quantum me-
chanical calculation of the integrated cross-section
for the ionization of G by fast electrons (ki-
netic energies in excess of 100eV) based on the
plane-wave Born approximation (PWBA) and used

the spherical jellium model to represent the bound 3.

as an ensemble of 60 independent carbon atoms,
thus, neglecting the cage structure ofpGom-
pletely. Given the overestimation resulting from
the application of the DM formula to g, Keller

and Engel21] argued that the fullerene geometry
is an important factor in ionization cross-section
calculations. It is thus instructive to consider an
ionization cross-section calculation foggbased

on the other extreme representation ghGramely

the jellium model. Keller and EnggR1] demon-
strated that their model represents the experimental
data quite well for impact energies above about
500¢eV, but significantly overestimates the mea-
sured cross-section at lower impact energies. These
authors attribute the failure of the PWBA—jellium
model at lower energies to the general tendency of
the PWBA to overestimate cross-sections at lower
impact energies rather than to the breakdown of
the jellium shell model.

Bottiglioni and Coutanf22] were the first to pro-
pose a calculation scheme for relative ionization
cross-sections of clusters that included (i) the en-
ergy loss inside the cluster of the primary electron,
and (ii) the fact that secondary electrons are cre-
ated which will subsequently suffer further energy
losses and have an escape probability from the
cluster of less than unity, i.e., they only escape
from the cluster if their energy exceeds a certain
minimum, which depends on the position inside
the cluster where they are initially formed. This
resulted in a cross-section shape that was markedly
different from the shape predicted by the other
methods and was found to agree better with the
unusual shape of theggionization cross-section.
However, these authors limited their calculations
to cross-sections shapes and did not calculate
absolute cross-section values.

Present approach for the calculation of

and continuum states of the target. The spherical partial ionization cross-sections

jellium model completely disregards the ionic sub-
structure of G, which is just the opposite of the

In the present paper, we start from the MAR

DM approach presented earlier that treats tRe C discussed earlier irBection 2 and we attempt to
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incorporate ad hoc the apparent advantages of the othelin Ref. [24]. For the single ionization processes (3a)
approaches discussed before, that is, achieve im-through (3d), it is advantageous to write the exponent
provements in the ability to predict the absolute “b” in the form b = by + gbp, whereq refers to the
cross-section value and the cross-section shape thatharge state of the target prior to the ionization, i.e.,
were determined in reliable experiments. It is im- g = O refers to Go, ¢ = 1 refers to Go*, ¢ = 2
portant to note that the theoretical approaches men-refers to Go?", etc. The constari; reflects the ef-
tioned earlier $ection 2 approaches 1, 2, and 3) are fective reduction of the ionization cross-section of the
methods to calculate absolute total single ionization target because of the fact that clusters/fullerenes can-
cross-sections, whereas here we attempt to derivenot be considered simply ensembles of independent
a method to calculate absolute partial ionization monomers. The factor “exp{i)” may be viewed as
cross-sections. Our goal is to do this in a fashion thatis a “structure factor”. If we use the data of Salzborn
consistent and transparent and that reflects the under-and coworkers for the processes (3b) and (3d), we can
lying physical principles. In a first step, we limit our plot the exponently” as a function ofg and obtain the
discussion to the following singe ionization processes: two data points shown iRig. 1 as full circles forg =
1 and 3. A linear extrapolation yields the two points
in Fig. 1 shown as open circles which correspond to
e + Cgot — Cgo® + 26~ (3b) g = 0 and 2, respectively. The intercept of the straight
B - - B line in Fig. 1 with the b-axis yields the value of the
e +Ceo”" — Ceo™" +2€ (3¢) constanb; ash; = 0.79. The constarit, has a value
e + Ceodt — Ceott + 26 (3d) of b, = 0.255. It is interesting to note that the work
of Keller and Enge[21] suggests a value close to the
for which reliable experimental cross-section data are present factor of €79 = 0.454 for the case of §
available [17-20,23] On the basis of the fact that (4 = 0). Keller and Enge[21] calculate a value for
Eq. (2a)yields a cross-section shape that differs from the Gy cross-section at 1000 eV of 351016 cn?
the experimentally determined shape, in particular
at higher impact energies and that overestimates the

e +Cgo— Ceo' + 26~ (39)

absolute cross-section value significantly, we modify 1K ' ' "]
Eq. (2a)in the following way: 154 o
otot(Xm. E) = m* e oio(X, E)F(E) (4) ] O
where the two factors “@" and ‘F(E)” serve the fol- o 104 @ i
lowing purpose. % 1.

c 1©

8- 4

_bh j j
3.1. The factor e S o5 ]
This factor reflects a reduction in the cross-section

which arises from the fact that multiple single ion- ]
ization processes can occur when a fullerene is ion- 0.0 0 ] 5 3

ized by an incident electron which will reduce the
cross-section for the particular channel under consid-
eration; the exponentd” is a function of the cluster Fig. 1. Plot of the exponenth” vs. the charge state of the target.

size ‘" and of the charge statey®. The feasibility The fil!ed circles @) _for g = 1 and 3 were obtained frgm an
analysis of the experimental data of Rg23]. The open circles

of the application of such a function of the charge (O) represent the two data points fpr= 0 and 2 that are obtained
state has been demonstrated successfully for instancey linear extrapolation.

Charge state (q)
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using their PWBA method assuming 60 independent C Table 1

atoms, whereas the measurements and the PWBA Ca|_Epricit form of the functions~(E) and FcagdE) obtained empiri-
cally from the measured data of R¢23] for the single ionization

culations based on the spherical jellium model yield a 4 ¢,

value of about 16 10~16cn? at the same impact en-
ergy. This suggests a reduction in the cross-section as
a consequence of the assumptions of the jellium model
(i.e., completely disregarding the ionic substructure of
Ceo) of the order of 16/35= 0.46 which is essentially
identical to our factor 8>/° = 0.454 in this case.

3.2. The energy dependence F(E)

This function describes the deviation of the
cross-section shape of the cluster/fullerefe from
the cross-section shape of the monomdeiThe func-
tion F(E) is defined as:

CTX,,l(E)/CTXm,max(E)
ox(E)/ox max(E)

and has a similar shape for both clusters (22625)

and fullerenes (sefl8-20] if F(E) is verified with

the data reported in these references. For both clus-

ters and fullerenes, the functidf(E) consists of two

F(E) = (5)

Ec. For energies between the ionization threshgig

and Ec, F(E) starts from O and approaches 1 which
is due to an effective shift of the energy scale caused
by inelastic energy losses of the primary electrons in-
side the cluster/fullerenR2,26] For energies above
Ec, F(E) increases essentially linearly from the value
1 at E = Ec and represents the fact that secondary
electrons created in the initial ionization process can
leave the cluster/fullerene only, if their energy exceeds
a certain minimum energy and the probability for es-
cape increases with increasing enekgyThe func-
tion F(E) can be explicitly determined theoretically
[22] or experimentally based on measurements of the
cross-sectionsy,, (E) andox (E). Table 1shows the
values ofF(E) for selected electron energies from 20
to 1000 eV obtained empirically from the data of Ref

T (process (3b), see text)

Energy (eV) F(E) FcagdE) including
energy shift
20 0.374 1
30 0.772 1
40 0.922 1
50 0.969 1
70 0.967 1
100 1.122 1.122
150 1.292 1.292
200 1.442 1.442
300 1.730 1.730
400 1.889 1.889
500 2.040 2.040
700 2.340 2.340
900 2.500 2.500

Alternatively, the influence of the low energy de-
pendencd-a (E) on the cross-sections can be realized
by introducing an energy shift

E* = E — [Eo + (IPclusterion — IPmonome] (6)

whereE* denotes the effective energy of the primary
parts which are separated by a characteristic energyelectron within the cluster/fullerenes the kinetic
energy of the primary electron, arieh the energy
loss due to inelastic scattering. In the present work, a

T
100

T
1000

Electron energy (eV)

[23] for the process (3b). The resulting energy depen- Fig. 2. Energy dependend¥E) as defined irEq. (5)in the text
for the specific case of the formation ofgéZt ions following
N . electron-impact single ionization ofgg". The curve was obtained
of about 70eV). The resulting cross-section formula ¢nypirically from the data reported in Ré23] (see also text and

Table J).

dence~(E) is also shown irig. 2 (hereEc has a value

has the form oEq. (4)
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constant value of 5eV was used fBg. The appro- o T T T T T
priate values for the ionization potentials (IPs) can be 204 o
found in Refs.[23,27] This leads to a cross-section 60

formula of the form 154

otot(Xm, E) = m**€ P oioi(X, E*) Feagd E) @)

whereFagd E) is taken from column 3 ofable 1 We 101

further note that in the expression Bf in Eq. (6)
the term in parenthesis is applicable only for ionic
targets. For the four cases presented in this paper (see
Section 3, the above cross-section formulas (4) and
(7) yield essentially the same energy dependence of
the cross-sections.

Cross section (A)

O experiment
theory

T T T T T T T T
10 100 1000
Electron energy (eV)

Fig. 3. Cross-section for the formation ofs&2" ions following

4. Results and discussion electron-impact single ionization ofgg". The experimental data
(O) are from Ref.[23], the solid line represents the present
calculation.

In this section, we develop explicit functional
forms that allow us to calculate the absolute ioniza-
tion cross-sections for the processes (3a) through (3d)
listed earlier. We either use previously determined
values for some of the constants in formula (4) for
the various cases or derive values from the exper-
imental data of Ref[23] for process (3c) and use
them accordingly for the other processes. For reasonsogg+(E) = 60° 8% 15%% ¢ (E*) Feagd E) 9)
of consistence, we use the energy dependence 8%, /here we use the same functis
described in formula (8) throughout.

42. e~ + C603+ — C604+ + 2¢~

In this case, the constantb™ has the value
b = 0.79+ 3 x 0.255 = 1.555 and the ionization
cross-section has the form

Bagd E) from before

for the single ionization of ™. As can be seen in
Fig. 4, the overall agreement between the prediction of
Eqg. (9)and the experimentally determined ionization
of Ref. [23] is quite good over the entire range of
impact energies.

41. e~ + Ceot — Ceo?™ + 2¢~

We use the exponenta2= 0.786 from Deutsch
et al. [14] and the experimentally determined atomic

carbon io_nization cros_s—secti@n;(@ of Brook et al. 43. ¢~ + Cop?t — Coodt + 2¢~

[27] and find the following expression for the absolute

ionization cross-section forgg as: The constant " has the valueb = 0.79 + 2 x

6ot (E) = 6007861045, () Feagd E) 8) Or.]25f5 = 1.300 and the ionization cross-section has
the form

The constanth” has the valué = 0.79+1x 0.255=
1.045. Since the experimentally determined ionization
cross-section for this process was used to determinewhere we again use the same functfyagdE) from
the constantl” and the functionFcagdE), it is obvi- before for the single ionization ofdgt. As can be
ous that the cross-section 6. (8)represents the ex-  seen inFig. 5, the overall agreement between the pre-
perimental data very well over the entire energy range diction of Eq. (10)and the experimental data of Ref.
(seeFig. 3. [23] is good only for very low energies up to about

o+ (E) = 600'7869_1'3UC(E*)FcagéE) (10)
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50
C 3+
] 60
101 .
c %%
i)
k3]
(0]
» 5 i
[)]
w .
8 ) experiment
theory
0- 4
- — —
10 100 1000

Electron energy (eV)

Fig. 4. Cross-section for the formation of¢*t ions following ele-
ctron-impact single ionization ofég®*. The experimental dat&Y)
are from Ref[23], the solid line represents the present calculation.

35eV. For higher energies, there appears to be an ad-

ditional process contributing to the measured data. For
fullerene ions this effect may be caused by autoion-
ization processeR3].

44. e~ + Cgo— Cgot + 2¢~

This is a particularly interesting case which in
some sense triggered the discussion leading up to

T T T L
25 4 e OOOOOODOG%&OO .
* d ]
60 o e
20 © i
< 0 S
= : ®
5 154 -
3]
(0]
@ 10 -
[}
(/2]
e experiment
O 54 4
theory
04 4

100
Electron energy (eV)

Fig. 5. Cross-section for the formation of63" ions following ele-
ctron-impact single ionization ofdg>*. The experimental dat&X)
are from Ref[23], the solid line represents the present calculation.

7
T ™ T
25 .
C
60
20 .
<
c
. O
g 15 o)
(&) ]
3
o 104 g
w .
8 experiment
57 theory )
0 i
T U T
10 100 1000

Electron energy (eV)

Fig. 6. Cross-section for the formation o§&2 ions following ele-
ctron-impact single ionization of §g. The experimental dat&X)
are from Ref[18], the solid line represents the present calculation.

the present paper. There have been two indepen-
dent and reliable experimental determinations of the
Ceo ionization cross-section which both revealed a
very unusual cross-section shape and an absolute
cross-section value with a maximum value which
amounted to only about half the cross-section value
predicted by various standard theoretical approaches
which worked quite well for many molecules includ-
ing rather complex moleculd6,18—-20] On the basis

of the approach described here, we find a constant
“b" with a valueb = 0.79+ 0 x 0.255 = 0.79 and

the ionization cross-section forgghas the form

o60(E) = 60078070 (E*) Foagd E) (11)

where we again use the same functfeyagdE) from
before for the single ionization of gg". As can be
seen inFig. 6, Eq. (11)now provides a description of
the Gyo ionization cross-section that agrees very well
with the measured cross-section over the entire range
of impact energies from threshold to 1000 eV.

5. Conclusions

We derived a semi-empirical approach to the calcu-
lation of cross-section functions (absolute value and
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energy dependence) for the electron-impact ioniza- [6] H. Deutsch, K. Becker, J. Pittner, V. Bonacic-Koutecky, S.

tion of several neutral and ionized fullerenegyC
(¢ = 0-3), for which reliable experimental data have

been reported. Our new method is based on an MAR
and incorporates ad hoc two factors, a structure factor
and an energy-dependent factor. Our model allows
us to predict the experimentally determined absolute

Matt, T.D. Mark, J. Phys. B 29 (1996) 5175.

[7]1 S. Matt, P. Scheier, T.D. Mark, K. Becker, Positive and
negative ion formation in electron collisions with fullerenes,
in: K. Becker (Ed.), Novel Aspects of Electron-Molecule
Collisions, World Scientific Publishing, Seoul, South Korea,
1998, pp. 1-69.

[8] J.W. Otvos, D.P. Stevenson, J. Am. Chem. Soc. 78 (1956)
546.

cross-section values and the cross-section shapes for[9] H. Deutsch, M. Schmidt, Beitr. Plasmaphys. (Contr. Plasma

a variety of fullerene ionization processes. A com-

Phys.) 25 (1985) 475.
[10] W.L. Fitsch, A.D. Sauter, Anal. Chem. 55 (1985) 832.

parison between our calculations and the available [11) .. mark, 0. Echt, in: H. Haberland (Ed.), Clusters of Atoms

experimental data for &9+ (¢ = 0-3) reveals good
agreement fory; = 0, 1, and 3, but indicates that

additional indirect ionization processes are present in

the case ofy = 2.
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