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Abstract

We extended our previously developed semi-empirical method for the calculation of cross section functions (absolute value
and energy dependence) for the electron-impact ionization of the neutral fullerenes C60 and C70 and of the ionized fullerenes
C60

q+ (q = 1–3) to the calculation of multiple ionization processes of the negatively charged fullerenes Cm
− (m = 60,

70, and 84). Systematic trends and tendencies are highlighted and a detailed comparison with available experimental data is
made. Predictions are also made for cross sections for the ionization of the neutral fullerene C84 up to charge statez = 6.
An attempt is made to elucidate the origin of an experimentally observed scaling law that relates the ratio of the measured
ionization cross sections of different fullerenesm andm′, σ−1,z(m)/σ−1,z(m

′), where the subscript “−1” refers to the fact
that the initial target is negatively charged and “z” denotes the charge state of the final ion, to the corresponding ratio of the
geometric cross sectionsσgeom(m)/σgeom(m′) to the power “z”. (Int J Mass Spectrom 223–224 (2003) 703–711)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, we introduced a semi-empirical method
for the calculation of absolute cross section func-
tions for the electron-impact ionization of the neutral
and positively charged fullerenes C60 and C70 [1,2]
which yielded results that were in good agreement
with available experimental data[3–5]. Our method
was initially developed for the calculation of partial
cross section functions (absolute value and energy
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dependence) for the single electron-impact ioniza-
tion of several neutral and ionized fullerenes C60

q+

(q = 0–3) [1]. Subsequently, we successfully ex-
tended this approach to the calculation of multiple
electron-impact ionization cross sections of the neu-
tral fullerenes C60 and C70 [2]. The necessity to rely
on a semi-empirical approach to the calculation of
electron-impact ionization cross section functions for
fullerenes that are in reasonably good agreement with
experimentally determined cross sections comes from
the fact that more rigorous calculation methods[6–9],
which yield reasonably good agreement (to within
20%) with measured data for a large number of simple
as well as complex molecules, yield very poor results
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in the case of fullerenes. Specifically, none of the more
rigorous methods[6–9] is capable of reproducing the
experimental data that are available for fullerenes.

In the present paper, we report the extension of
our previously developed approach to the calculation
of multiple electron-impact ionization cross sections
of the negatively charged fullerenes Cm

− (m = 60,
70, 84) for which reliable experimental data have also
been reported recently[10]. Predictions are also made
for cross sections for the ionization of the neutral
fullerene C84 up to a charge statez = 6 of the product
ion. An attempt is made to provide an explanation for
a scaling law found by the authors of[10] that relates
measured cross section ratios to ratios of the geomet-
rical cross sections of the targets.

2. Background

In our previous paper[2], we introduced a formula
for the calculation of the partial ionization cross sec-
tion σ(Xm

z+, E) for the ionization of a fullereneXm

consisting ofm monomers (m = 60, 70) to a final
charge statez (z = 1–6) as a function of the impact
energyE of the form

σ(Xm
z+, E)

= m2a · e−b1 · e−b2 · σtot(X, E∗) · Fcage(E) (1)

with

E∗ = E − [E0 + (IPcluster–ion − IPmonomer)] (2a)

for ionic targets and multiple ionization of neutral
fullerenes.

E∗ = E − E0 (2b)

for single ionization of neutral fullerenes.
The exponent “a” (taken from[11]) results from a

relationship between the radius of the clusterRcluster

and the radius of the monomerrmonomerof the form

Rcluster = ma · rmonomer (see [12]), (3)

and the other quantities inEq. (1)have the following
meaning:

(i) The exponent “b1” determines the so-called
“structure factor”, exp(−b1). The structure factor
leads to a reduction in the maximum fullerene
ionization cross section compared to the value
m2a predicted by the simple “cluster” formula
[12]. The reduction arises from the fact that
multiple single ionization processes can occur
when a fullerene is ionized by an incident elec-
tron which will reduce the cross section for the
particular channel under consideration. The ex-
ponent “b1” was found to be a function of the
cluster size “m” [2].

(ii) The exponent “b2” determines the so-called “ion-
ization factor”, exp(−b2). The ionization factor
was found to decline exponentially forz > 1
for both C60 and C70 [2] and is different for
fullerenes of different sizem. We note that a simi-
lar exponential behavior was also found earlier in
the case of the multiple ionization of atoms[13].

(iii) The energy dependenceFcage(E) describes the
deviation of the cross section shape of the
fullereneXm from the cross section shape of the
monomerX. Different functionsFcage(E) apply
to C60 and C70 and to the various values of the
final charge statez (see[2] for details).

(iv) The energy shiftE∗ as defined inEqs. (2a) and
(2b) was introduced as a way to properly de-
scribe the low energy dependence of the cross
sections. HereE is the kinetic energy of the
primary electron, andE0 describes the energy
loss due to inelastic scattering. The values for
the ionization energies (IPs) can be found in[5].
The combined effect of the functionFcage(E)

and the use of the “shifted” energyE∗ in the
monomer cross section is a shift of the maxi-
mum in the fullerene ionization cross section to
higher energies in conjunction with a broaden-
ing of the region of the cross section maximum
compared to the monomer ionization cross sec-
tion and a more gradual decline of the fullerene
cross section with increasing impact energy at
higher impact energies (above about 100 eV).

(v) The quantityσtot(X, E∗) refers to the total ion-
ization cross section of the monomerX as a
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function of the “shifted” energyE∗. The ioniza-
tion cross section of atomic carbon is taken from
the paper of Brook et al.[14].

The application ofEq. (1)to the cases discussed in
the previous papers[1,2] required the empirical deter-
mination of the various parameters (structure factor,
ionization factor, functionFcage(E), and shifted en-
ergyE∗) from a sub-set of the measured experimental
data[3–5] followed by the subsequent application of
Eq. (1) to all cases for which experimental data are
available. In all but two cases, good agreement was
found between the prediction of our semi-empirical
formula and the measured data. In one case, the single
ionization of C60

2+, the discrepancy was attributed
to the presence of indirect ionization processes[2]
and in the second case, the production of C70

6+ ions
following electron impact on C70, the disagreement
was attributed to extremely low signal rates in the
experiment[2].

3. Extension to negatively charged
fullerenes Cm

− (m = 60, 70, 84)

The application ofEq. (1) to the multiple ioniza-
tion of the negatively charged fullerenes C60

−, C70
−,

and C84
− requires the extension of the structure fac-

tor exp(−b1), the ionization factor exp(−b2), and the
energy shapeFcage(E) to these targets and processes.

Since the structure factor depends only on the size
of the targets, the structure factors for C60

− and C70
−

are the same as those derived in[2]. The structure
factor for C84 is obtained from the double ionization
process C84

− → C84
+ as there are no experimental

data available for the single ionization of neutral C84.
Previously, in the case of C60 and C70 [1,2] the struc-
ture factor was obtained from the measured single
ionization cross section data of the neutral fullerene
target. The structure factor as a function of target size
is shown inFig. 1. The line drawn through the three
points is a single-exponential fit and serves only as a
guide to the eye. We note that in[2], where we only
dealt with two structure factors form = 60 and 70, re-
spectively, we connected the two factors by a straight

line and extrapolated this line to lower values ofm.
This extrapolation intersected the line representing
the maximum structure factor of unity aroundm = 20
and we speculated that it is around this cluster size
that the fullerene cage structure of carbon clusters
as opposed to a simple ring structure begins to play
a role. This speculation was supported by the argu-
ments of Jensen and Koch[15] who suggested that
the fullerene cage structures become possible around
m = 24. It is obvious fromFig. 1 that this linear ex-
trapolation to lower values ofm cannot be extended
in the same fashion tom = 84 and larger values of
m. The linear extrapolation of the structure factor to
larger m values would reach a value of zero around
m = 90 (dashed line inFig. 1) which, in turn, would
correspond to a physically unrealistic vanishing cross
section. Clearly, additional experimental studies of the
single ionization of C84 and other fullerenes would be
desirable to determine the structure factor as a func-
tion of fullerene size over a wider range ofm values.

The ionization factors were derived from the exper-
imental data for the double and quadruple ionization
of the Cm

− species, i.e., from the cross sections for the
formation of Cm

+ and Cm
3+ ions, respectively[10]

and extrapolated to the formation of Cm
2+ and Cm

4+

(for which no experimental data have been reported

Fig. 1. Structure factor “exp(−b1)” as a function of fullerene size
m. The three data points correspond to C60, C70, and C84. (See
text for details of the extrapolation.)
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Fig. 2. Ionization factor “exp(−b2)” for C60
−, C70

−, and C84
− as

a function of the charge statez of the ion produced. Also shown
are the previously determined ionization factors for C60 and C70

and the interpolated ionization factors for C84 (see text for details).

yet). The ionization factors derived from this proce-
dure are shown inFig. 2 together with the ionization
factors for the ionization of the neutral fullerenes C60

and C70. We note that the ionization factors for the
negatively charged fullerenes Cm

− (m = 60, 70, and
84) follow a straight line aboveq = 2, but display
a change in the slope towardsq = 1 which one can
attribute to the fact that negatively charged fullerenes
represent targets that are less stable than the neutral
fullerenes. Also included inFig. 2 are ionization fac-
tors for the neutral C84 fullerene. Since no experimen-
tal data are available for C84, the ionization factors
were determined by interpolation, i.e., a straight line,
parallel to the lines for C60 and C70 was assumed for
C84 with an appropriate off-set inferred here from the
data for the negatively charged fullerenes.

The energy shape functionFcage(E) for the double
ionization was obtained from the measured data for
C84

− for this process[10] and then used without fur-
ther modification for the other two fullerenes as well.
The numerical values of the functionFcage(E) for the
double ionization of the Cm− species are summarized
in Table 1. For all other cases discussed here, i.e., for
the three- and four-fold ionization of all Cm− species,
the functionFcage(E) is identical to unity for all im-

Table 1
FunctionFcage(E) for the double ionization of Cm− (m = 60, 70,
84)

Electron energy (eV) Fcage(E)

>100 1.000
200 1.064
300 1.100
400 1.130
500 1.160
600 1.190
700 1.230
800 1.290
900 1.400

1000 1.570

pact energies up to 1000 eV (see also[1,2] for higher
values ofz).

4. Results and discussion

In this section, we use the explicit functional forms
of Eq. (1)applicable to the calculation of the absolute
cross sections for the multiple ionization of the nega-
tively charged fullerenes Cm− (m = 60, 70, 84) and
compare the calculated cross sections with measured
data from[10].

4.1. e− + Cm
− → Cm

+ + 3e−; m = 60,70,84

Eq. (1) in conjunction with the data derived in
Section 3above yields the following formulas for the
double ionization of Cm− (m = 60, 70, 84), i.e., the
formation of Cm

+ ions (z = 1):

σ60−(E, z = 1) = 600.786 · e−0.790 · e−0.4997

·σC(E∗) · Fcage(E) (4a)

σ70−(E, z = 1) = 700.786 · e−1.132 · e−0.1577

·σC(E∗) · Fcage(E) (4b)

σ84−(E, z = 1) = 840.786 · e−1.2897 · e−0.0

·σC(E∗) · Fcage(E) (4c)

Here E∗ = E − 24 eV and the explicit form of the
function Fcage(E) is given in Table 1. As expected
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Fig. 3. Calculated cross section for the formation of Cm
+ (m = 60,

70, 84) ions following electron impact on Cm
− as a function of

electron energy. The calculated cross sections are shown as the
solid lines, the experimental data are from[10]. The triangles,
squares, and circles denote C84

−, C70
−, and C60

−, respectively.

from the discussion in the previous section, the struc-
ture factor decreases from C60 to C70 to C84, whereas
the ionization factor increases as one goes to the larger
fullerenes. We note that the product of structure factor
and ionization factor has the same value ofe−1.2897

for all three fullerenes.Fig. 3 shows the comparison
between the calculated ionization cross sections and
the experimental data of[10] for the three fullerenes
from threshold to 1000 eV. As can be seen, the agree-
ment is excellent for C60

− and very good for C70
− and

C84
− in view of the error bars of the experimental data

except for the energy regime very close to threshold.

4.2. e− + Cm
− → Cm

2+ + 4e−; m = 60,70,84

Eq. (1) in conjunction with the data derived in
Section 3above yields the following formulas for the
triple ionization of Cm− (m = 60, 70, 84), i.e., the
formation of Cm

2+ ions (z = 2):

σ60−(E, z = 2) = 600.786 · e−0.790 · e−2.3697

·σC(E∗) · Fcage(E) (5a)

σ70−(E, z = 2) = 700.786 · e−1.132 · e−1.9278

·σC(E∗) · Fcage(E) (5b)

Fig. 4. Calculated cross section for the formation of Cm
2+ (m = 60,

70, 84) ions following electron impact on Cm
− as a function of

electron energy. The calculated cross sections are shown as the
solid lines, the experimental data are from[10]. The triangles,
squares, and circles denote C84

−, C70
−, and C60

−, respectively.

σ84−(E, z = 2) = 840.786 · e−1.2897 · e−1.605

·σC(E∗) · Fcage(E) (5c)

Here E∗ = E − 45 eV and the functionFcage(E)

is identical to unity for all impact energies.Fig. 4
shows the comparison between the calculated ioniza-
tion cross sections and the experimental data of[10]
for the three fullerenes from threshold to 1000 eV.
As can be seen, the agreement is good for all three
fullerenes in view of the error bars of the experimen-
tal data except for the energy regime very close to
threshold. We note that the calculated cross sections
tend to lie consistently slightly below the measured
data.

4.3. e− + Cm
− → Cm

3+ + 5e−; m = 60,70,84

Eq. (1) in conjunction with the data derived in
Section 3above yields the following formulas for the
four-fold ionization of Cm− (m = 60, 70, 84), i.e.,
the formation of Cm3+ ions (z = 3):

σ60−(E, z = 3) = 600.786 · e−0.790 · e−5.0197

·σC(E∗) · Fcage(E) (6a)
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Fig. 5. Calculated cross section for the formation of Cm
3+ (m = 60,

70, 84) ions following electron impact on Cm
− as a function of

electron energy. The calculated cross sections are shown as the
solid lines, the experimental data are from[10]. The triangles,
squares, and circles denote C84

−, C70
−, and C60

−, respectively.

σ70−(E, z = 3) = 700.786 · e−1.132 · e−4.4457

·σC(E∗) · Fcage(E) (6b)

σ84−(E, z = 3) = 840.786 · e−1.2897 · e−3.9900

·σC(E∗) · Fcage(E) (6c)

Here E∗ = E − 76 eV and the functionFcage(E)

is identical to unity for all impact energies.Fig. 5
shows the comparison between the calculated ioniza-
tion cross sections and the experimental data of[10]
for the three fullerenes from threshold to 1000 eV. As
can be seen, the agreement is reasonably good for all
three fullerenes in view of the error bars and the scat-
ter of the experimental data.

4.4. e− + C70
− → C70

4+ + 6e−

In the case of C70
−, Hathiramani et al.[10] also

reported cross sections for the five-fold ionization of
C70

−, i.e., the formation of C70
4+ ions. If we apply

our formalism to this particular case, we obtain the
following expression

σ70−(E, z = 3) = 700.786 · e−1.132 · e−7.16

·σC(E∗) · Fcage(E) (7)

Fig. 6. Calculated cross section for the formation of C70
4+ ions

following electron impact on C70
− as a function of electron energy.

The calculated cross section is the shown as the solid line and the
circles denote the experimental data from[10].

HereE∗ = E − 115 eV and the functionFcage(E) is
identical to unity for all impact energies.Fig. 6shows
the comparison between the calculated ionization
cross section and the experimental data of[10] from
threshold to 1000 eV. As can be seen, the agreement
is excellent over the entire range of impact energies.

4.5. Ionization of neutral C84 fullerenes up to
charge state z = 6

Using the basic data for the structure factors and the
ionization factors fromFigs. 1 and 2, we are now in a
position to predict absolute ionization cross sections
for the single and multiple ionization of the neutral
fullerene C84 up to charge statez = 6. The calcula-
tion follows the procedure outlined in[1,2]. No exper-
imental data have been reported for these processes
up to now. The results are shown inFig. 7. In these
calculations, we used the same functionFcage(E) that
was used earlier for C70 [2].

4.6. Scaling law considerations

Hathiramani et al.[10] found that their measured
ionization cross sections of the negatively charged
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Fig. 7. Calculated cross sections for the formation of singly and
multiply charged C84

z+ ions up to charge statez = 6 follow-
ing electron impact on neutral C84 fullerenes from threshold to
1000 eV. No experimental data are available for comparison. Fur-
ther details are given in the text.

fullerenes C60
−, C70

−, and C84
− could be described

by a scaling law of the form

σ−1,z(m)

σ−1,z(m′)
=

[
σgeom.(m)

σgeom.(m′)

]z

(8)

where σ−1,z(m) and σ−1,z(m
′) denote the ioniza-

tion cross sections of the negatively charged (“−1”)
fullerenesm andm′ (m, m′ = 60, 70, 84) to the final
charge state “z” and σgeom.(m) and σgeom.(m

′) refer
to the geometric cross sections of the fullerenesm
andm′.

In an attempt to understand the origin of this scaling
law, we take, for instance, the ratio of the calculated
cross sections for the four-fold ionization of C60

− and
C84

− (seeEqs. (6a) and (6c)) which yields

σ84−(z = 3)

σ60−(z = 3)
=

(
84

60

)0.786

e+0.53 (9)

Using the relationax = exp(x ln(a)) this can be
re-written as

σ84−(z = 3)

σ60−(z = 3)
=

(
84

60

)0.786(
84

60

)1.5752

(10)

which takes the approximate form

σ84−(z = 3)

σ60−(z = 3)
=

[(
84

60

)0.786
]3

(11)

Analyzing the other ratios such asσ84−(z =
3)/σ70−(z = 3) andσ70−(z = 3)/σ60−(z = 3) and ex-
tending this comparison to other stages of ionization,
one finds a generalized relationship of the form

σ−1,z(m)

σ−1,z(m′)
=

[( m

m′
)0.786

]z

(12)

wherez denotes the final charge state of the ion. In
order to relate the ratio of fullerene sizesm andm′ in
Eq. (12)to the geometric cross section of the respec-
tive fullerene, we start fromEq. (3) from which we
define the geometric cross section of a fullerenem as

σgeom.(m) = π(Rcluster)
2 = πm2a(rmonomer)

2 (13)

and obtain a cross section ratio for fullerenes of sizes
m andm’ of the form

σgeom.(m)

σgeom.(m′)
= [π(Rcluster,m)2]

[π(Rcluster,m′)2]
=

( m

m′
)2a

. (14)

In other words, the ratio of the geometric cross sections
is given by the ratio of the fullerene sizesm and m′

to the power ‘2a’. Thus, it is justified to interpret the
ratio (m/m′)0.786 in Eq. (12)as being proportional to
the ratio of the respective geometric cross sections and
we have, in fact, derived from the present theoretical
considerations a relationship of the form

σ−1,z(m)

σ−1,z(m′)
=

[
σgeom.(m)

σgeom.(m′)

]z

(15)

which has already been deduced earlier from the ex-
perimental data.

Table 2summarizes the cross section ratios from
the experimental data of[10] together with the geo-
metric cross section ratios, and the cross section ratios
based on the present calculation. The geometric cross
sections used to determine the ratios listed inTable 1
are based on the well-known radius of C60 of 0.5 nm
[10] from which equivalent radii for C70 and C84 were
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Table 2
Comparison of cross section ratios obtained from the experimental data of[10], the geometric cross sections, and the results of the present
calculation

Cross section ratio Experiment[10] Geometric cross section Present calculation

σ−1,1 (70)/σ−1,1 (60) 1.09 1.13 1.13
σ−1,1 (84)/σ−1,1 (70) 1.12 1.15 1.15
σ−1,1 (84)/σ−1,1 (60) 1.22 1.30 1.30
σ−1,2 (70)/σ−1,2 (60) 1.28 1.20 1.25
σ−1,2 (84)/σ−1,2 (70) 1.27 1.24 1.36
σ−1,2 (84)/σ−1,2 (60) 1.64 1.49 1.70
σ−1,3 (70)/σ−1,3 (60) 1.44 1.27 1.42
σ−1,3 (84)/σ−1,3 (70) 1.50 1.33 1.56
σ−1,3 (84)/σ−1,3 (60) 2.15 1.70 2.21

determined using the relation[10]:

rn =
[
0.15+ 0.35

( n

60

)0.5
]

in nm forn = 70, 84

(16)

which yields equivalent radii of 0.531 nm for C70 and
0.571 nm for C84. As can be seen, with very few ex-
ceptions there is good agreement between the three
cross section ratios for the two-, three-, and four-fold
ionization of the negatively charged fullerenes Cm

−

(m = 60, 70, 84).
However, we note that the scaling law of the form

expressed inEq. (15)is unique to the ionization cross
sections of the negatively charged fullerenes as its
derivation relies on the fact that the ratio of the prod-
ucts of the respective ionization factors and structure
factors inEqs. 6(a–c)can be reduced to the expres-
sion given inEq. (12). This is no longer the case for
the ionization and structure factors that are applicable
to the ionization of neutral and positively charged
fullerenes (see[1,2]). Thus, there is no basic physics
principle that stipulates the existence of a general
scaling law such as the one expressed inEq. (12)
for all fullerenes, but it is a rather fortuitous coinci-
dence that apparently only applies to the ionization
of negatively charged fullerenes.

5. Conclusions

We extended our previously developed semi-empi-
rical approach to the calculation of cross sections for

the electron-impact ionization of neutral and posi-
tively charged fullerenes C60 and C70 to the calcula-
tion of two-, three-, and four-fold ionization cross sec-
tions of the negatively charged fullerenes Cm

− (m =
60, 70, 84) for which reliable experimental data have
also been reported recently[10]. Very good agreement
between measured and calculated cross sections was
found in all cases. In the case of C70

− measured cross
sections for the five-fold ionization were also reported
which agree very well with our calculation. Predic-
tions are also made for cross sections for the ioniza-
tion of the neutral fullerene C84 up to a charge state
z = 6 of the product ion. An attempt was made to
provide an explanation for the scaling law found by
the authors of[10] that relates measured cross sec-
tion ratios to ratios of the geometrical cross sections
of the targets. It was found that the simple form of
the scaling law described in[10] does only hold for
the negative fullerenes as targets and cannot read-
ily be generalized for neutral and ionized fullerene
targets.
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