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Absolute cross-section measurements are reported for single photoionization of C;’ fullerene molec-
ular ions (n = 40, 50, 70, 76, 78 and 84) in the photon energy range 18 — 70 eV. The experiments
were performed by merging a mass and charge selected beam of C;} molecular ions with a beam of
monochromatized synchrotron radiation and measuring the yield of C2* product ions as a function
of the photon energy. Oscillator strengths determined by integrating the measured cross sections
over this energy range exhibit a linear dependence on n. The cross sections are parametrized by fits
to three Lorentzian functions to represent plasmon excitations and a linear function for direct ion-
ization. The highest energy resonance in the data near 46 eV is similar to that previously observed
in single photoionization of Csp and may be attributable to a harmonic of the dominant surface

plasmon resonance near 23 eV.
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I. INTRODUCTION

The discovery of Cgg in 1985 by Kroto and collabo-
rators [1] has motivated numerous investigations of the
unique properties of fullerene molecules during the en-
suing three decades [2, 3]. Fullerenes bridge the gap
between free molecules and pure crystalline solids be-
cause of their nanometer size, hollow cage structures,
homonuclearity and symmetry, giving rise to novel phe-
nomena. Among them are broad resonance features in
the photoionization cross sections of Cgy and Cgo that
have been attributed to plasmon excitations of the de-
localized valence electrons in the molecule [4-9]. Very
recently, Hansen et al. [10] reported evidence of a Boltz-
mann distribution of electron velocities resulting from
photionization of Cgg, which they attribute to a quasi-
thermal boiloff mechanism involving large numbers of in-
coherently excited valence electrons.

Their closed, empty-cage geometries permit stable
fullerene molecules C,, to consist only of even numbers of
C atoms with n > 20, consistent with Euler’s theorem for
closed polyhedrons [9]. Fullerenes have been detected by
laser-desorption mass spectrometry in carbonacious sed-
iments of meteor-impact craters with even carbon atom
numbers ranging from 60 to 250 [11, 12]. The relative
abundances of fullerene molecules C,, are dependent upon
n with maxima observed in their laboratory synthesis at
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60, 70, 76, 78 and 84. Fullerene molecules with n less
than 60 do not have long-term stability but their ions are
readily produced by fragmentation of higher-n fullerenes
in collisions [2] or by photoabsorption [13]. Fullerene
molecules with n < 60 are spherical, but become pro-

gressively more prolate with increasing n greater than
60.

Absolute photoionization cross-section measurements
for fullerene ions were first reported by Scully et al. [6] by
merging mass/charge analyzed fullerene ion beams with
a beam of tuneable monochromatized synchrotron radi-
ation. Cross sections for single photoionization of CZ{O,
C3f and Cif ions were measured over the photon en-
ergy range 17-75 eV. In addition to the prominent surface
plasmon resonance near 22 eV predicted theoretically by
Bertsch et al. [4] and first observed in photoionization
of Cgo by Hertel et al. [5], a second broad feature was
identified near 38 eV that was attributed, on the ba-
sis of a theoretical calculation using the time-dependent
local-density approximation (TDLDA), to a higher-order
collective (volume) plasmon resonance [6-9]. A compa-
rably strong surface plasmon resonance near 22 eV was
also observed in photoionization of Crzg [5].

Absolute cross-section measurements have been re-
cently reported by Baral et al. for 23 different fullerene
ion products following photoexcitation of Cg, in the 18—
150 eV photon-energy range [13]. The processes investi-
gated include single and double photoionization, accom-
panied by the loss of 0-7 pairs of C atoms, as well as
fragmentation without ionization of the fullerene result-
ing in the loss of 2-8 pairs of C atoms. On the basis of
the Thomas-Reiche-Kuhn (TRK) oscillator-strength sum
rule [15], an accounting of oscillator strengths indicated



that production of a smaller fullerene ion occurs with
nearly 50% probability following photoexcitation in this
energy range. Very recently, Douix et al. reported mea-
surements of cross sections for single photoionization of
Cgo based on both the merged-beams and ion-trapping
methods [14]. While their merged-beams results are in
agreement with those of Baral et al., the ion trap data
are larger by nearly a factor of three near the peak of
the cross section. Douix et al. attribute this differ-
ence to internal excitation of the Cgo ions produced in
the discharges of the electron-cyclotron-resonance (ECR)
ion sources that were used in both merged-beams experi-
ments, even though they were operated at extremely low
RF power. Their experiment thereby confirms specu-
lation by Baral et al. about the likely role of internal
excitation of C(J{O leading to product channels involving
ionization accompanied by fragmentation of the fullerene
ion.

In the present paper, absolute cross-section measure-
ments are reported for single photoionization of CIO, C;FO,
C;FO, C;FG, C;rg and C§r4 over the photon energy range 18—
70 eV. Oscillator strengths are deduced from the mea-
surements and their dependence on the number of carbon
atoms in the molecular ion is examined.

II. EXPERIMENT

The measurements were performed at the ion photon
beam (IPB) endstation on undulator beamline 10.0.1.2
of the Advanced Light Source. Since the experimental
setup and merged-beams method have been described
previously [16, 17], only a brief summary is given here
with details specific to the current investigation.

C;" ions were produced by evaporating commercially
refined mixed heavy fullerene powder from a small resis-
tively heated oven into a low-power Ar discharge within
the plasma chamber of a permanent-magnet electron-
cyclotron resonance ion source [18]. In the case of Cg, a
sample of purified Cgq was used. C;! ions with n > 60
were produced by ionization of fullerene molecules evap-
orated into the plasma chamber, whereas CJ, and C3,
resulted from fragmentation and ionization of heavier
fullerenes (mainly Cgo) in the discharge. C, ions were ex-
tracted from the ion source, focused, collimated and mass
analyzed prior to being electrostatically merged onto the
axis of a counter-propagating beam of monochromatized
synchrotron radiation. After a common path of approxi-
mately 1.4 m in ultra-high vacuum, the ion beam was de-
merged from the photon beam by a dipole magnet. The
magnet and a spherical electrostatic analyzer located im-
mediately downstream deflected the product ion beam in
orthogonal directions and selectively directed C2* prod-
ucts to a channeltron-based single-particle detector [19].
The detection efficiency for 6 keV Ci was measured in
situ to be 0.79+0.03 and was assumed to be the same for
the other C2* products. Four-jaw slits located in front
of the detector permitted adjustment of the mass reso-

lution and verification of complete separation and col-
lection of C2% product ions. The photon beam was me-
chanically chopped at 6 Hz to separate photoions from
the same products resulting from collisions with resid-
ual gas in the ultra-high vacuum system. The primary
C;l ion beam was simultaneously collected in a Faraday
cup and its current measured by a precision electrometer.
The photon beam was directed onto a calibrated Si X-
ray photodiode! from which the photocurrent provided a
measure of its absolute intensity at each selected photon
energy.

To determine absolute cross sections at specific photon
beam energies, the spatial overlap of the beams in a cen-
tral electrostatically biased interaction region of length
29.4 4+ 0.6 cm was quantified using three translating-slit
scanners located near the beginning, middle and end of
the interaction region. The bias potential facilitated en-
ergy labeling of products from within that region where
the spatial overlap of the two beams was accurately quan-
tified.

The measurements were carried out in two stages.
First, spectroscopic measurements were made by merging
the photon and each of the C ion beams and recording
the normalized yield of C2* ions for each as the photon
beam energy was scanned in 0.5 eV steps over the energy
range 18-70 eV. Because the monochromator slits were
fixed during these scans, the photon energy spread varied
across this energy range, but was everywhere compara-
ble to or smaller than the energy step size, which was
typically 0.5 eV. The photon energy resolution was con-
sidered unimportant because of the absence of narrow
resonance features in the measured photoion-yield spec-
tra.

The second stage involved performing absolute cross-
section measurements for single ionization yielding C2*
products from C; under conditions in which the spa-
tial overlap of the beams in the central interaction re-
gion was measured. These measurements were made for
each n at fixed photon energies of 22, 35, 38 and 65 eV.
The broad spectroscopic scans for the C2+ product ions
were then placed on an absolute scale by normalizing
them to these cross-section measurements. The presence
of a small fraction of higher-order radiation in the pho-
ton beam produced by the undulator and dispersed by
the monochromator was taken into account in the data
analysis [20]. The total systematic uncertainty in the
absolute measurements is estimated to be +24%. Statis-
tical uncertainties of the data in the spectroscopic scans
and absolute cross-section measurements are in all cases
negligibly small in comparison.

! International Radiation Detectors model SXUV100-06-9#35 ref-
erenced to SXUV100-07-8#1 calibrated by NIST in 2008. The
quantum efficiency of the working photodiode was compared pe-
riodically with that of a reference photodiode for changes due to
radiation damage.



TABLE I: Measured absolute cross sections for single pho-
tolonization of C; molecular ions. Absolute uncertainties
correspond to a one-sigma confidence level. The values for
C{, are taken from Ref. [13]

Primary Photon Cross Absolute
Ton Energy Section Uncertainty
(eV) (Mb) (Mb)
Ch 22 178 36
35 57.4 11.5
38 53.3 10.7
65 23.5 4.6
C 22 377 70
35 106 21
38 99.6 19.9
65 34.8 6.9
C 22 425 98
35 211 48
38 177 35
65 57.4 11.5
cl 22 586 117
35 271 54
38 177 35
65 70.0 14.1
Cl 22 583 117
35 304 61
38 299 59
65 70.8 14.2
Ch 22 553 110
35 292 59
38 282 55
65 103 21
Ci 22 632 126
35 357 72
38 321 64
65 124 25

III. RESULTS

Figure 1 presents a comparison of the cross-section
measurements for single photoionization of CIO, Cgro, CZ{O,
C%, C;r67 C?S and C§4 over the photon energy range
18-70 eV. The results for CJ, are taken from Ref. [13].
The absolute cross-section measurements to which the
spectroscopic scans are normalized are collected in Ta-
ble I. The strong surface plasmon resonance occurring
near 23 eV is the dominant feature in each of the mea-
sured cross sections, which have similar dependences on
photon energy. The second broader plasmon resonance
occurring near 35 eV reported by Scully et al. [6] for Cf,
at 38 eV is also evident, although there is some variation
in the widths, energy positions and relative strengths of
this feature. With the exception of Cj{o, the measure-
ments additionally show evidence for a third feature near
46 eV. These resonant features are discussed in detail in
section IV. An experimental estimate of the dimension-
less oscillator strength may be determined by integrating
the measured cross sections over an appropriate energy
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FIG. 1: Experimental results for single photoionization of C;}.
Small solid squares represent energy-scan measurements and
large solid circles with error bars are absolute cross-section
measurements to which the scans are normalized. The C{,
data are taken from Ref. [13].
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FIG. 2: Dimensionless oscillator strengths (open circles) de-
termined by integrating the cross sections in Fig. 1 and ap-
plying Eq. 1. The line represents a linear least-squares fit to
the the data.

range as follows:

f=09.11x 10—3/

E,

Es
o(E)dE (1)

where the photon energies F are in eV and the cross sec-
tion ¢ is in Mb. Integrating each of the cross sections
in Fig. 1 over the energy range 18-70 eV and applying
Eq. 1 provides an experimental determination of the os-
cillator strengths as functions of the number of C atoms,
n. The result is presented in Fig. 2, which shows a linear
dependence of the oscillator strengths on n in this energy
range.

IV. PARAMETRIZATION OF CROSS
SECTIONS

Parametrizations of the photoionization cross sections
were carried out in a manner similar to that reported
by Scully et al. [6] for photoionization of Cf,. Least-
squares fits were made of the measured cross sections o as
functions of the photon energy F in terms of Lorentzian
functions to represent plasmon excitations and a linear
function decreasing slowly with photon energy to approx-
imate a small contribution due to non-resonant photoion-
ization as follows:

3
24; T
=mE+b _—— . 2
g m + +i:1 = 4(E—E1)2+F12 ()

In Eq. 2, m denotes the slope and b the intercept of the
linear function representing direct photoionization. The
parameters A;, E; and I'; denote the area, photon energy
and energy full width at half-maximum, respectively, of

plasmon excitations. Two plasmons were included in the
fitting of the cross section for photoionization of Cd, mea-
sured by Scully et al., the first representing dipole excita-
tion near 22 eV of a surface plasmon due to a symmetric
in-phase oscillation of the delocalized electrons on the
inner and outer surfaces of the spherical electron shell,
resulting in no localized variations of electron density
within the shell. A second broader resonance feature was
identified near 38 eV. On the basis of the time-dependent
local density approximation, this feature was attributed
to an anti-symmetric plasmon mode in which the oscil-
lations of the electrons on the inner and outer surfaces
of the electron shell are out of phase. The labeling of
this resonance feature as a volume plasmon proved to be
somewhat controversial [7, 8].

The present measurements additionally show evidence
for a third resonance feature near 46 eV that is inter-
preted as a harmonic of the surface plasmon resonance,
as discussed below. This feature was not evident in the
data of Scully et al. for Cgo. Its resolution in the present
measurements and that of Baral et al. for Cgo is at-
tributed to numerous subsequent improvements to the
IPB endstation, as discussed in detail by Baral et al. [13].
These included operation of the ECR ion source at lower
RF power to reduce internal excitation of the fullerene
ions, an improved X-ray photodiode resistant to changes
in calibration, a photoion detector with increased mass
resolution and correction of the data for the effect of a
small fraction (a few percent) of higher-order radiation
from the undulator.

In measurements of single photoionization of neutral
Cego, three resonant features were also reported by Kou et
al. [21, 22] and subsequently by Kafle et al. [23] at photon
energies near 26 eV, 34 eV and between 40-50 eV . They
speculated that the two higher-energy features might be
attributable to a shape resonance in photoionization of
the Cgg valence shell whereby the ionized electron is tem-
porarily trapped inside a strong centrifugal barrier. Re-
gardless of their physical origins, the resonant features
observed in photoionization of C; ions are hereafter in
this paper referred to as the first, second and third plas-
mons.

Three Lorentzian functions were included in the fit-
ting procedure, resulting in satisfactory representations
of the energy dependences of the present cross-section
measurements for the C;} ions investigated and for that
measured by Baral et al. for Cg,. Figure 3 shows the
results for C, as a representative example of the qual-
ity of the fits and indicates the relative contributions of
each of the terms in Eq. 2. The third resonant feature
with a relatively small amplitude near 46 eV is evident
in the data. The fitting parameters for all the reported
cross sections are collected in Table II. It should be noted
that the fits apply to the cross sections in the photon en-
ergy range 20-70 eV only and are not expected to give
reliable estimates of the cross sections outside this range.

The fitted values for the photon energy of the first
plasmon are similar for all the ions, with a mean
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FIG. 3: Least-squares fit of a linear and three Lorentzian
functions using Eq 2 to the cross section for single photoion-
ization of Cd,. The four lowest-energy data points were ex-
cluded from the fitting procedure due to possible systematic
effects in the recording of the photon flux.

value of 22.7 + 0.4 eV. For Cgo, the current value of
23.0 + 0.06 eV compares to 22.0 eV reported by Scully et
al. [6]. This difference is within their combined uncertain-
ties. The variation in the fitted values of the photon en-
ergy of the second plasmon is larger, with a mean value of
31.8 £ 1.9 eV. The current value of 32.2 + 0.4 eV for CJ,
compares to 38 eV reported by Scully et al.. The weaker
harmonic resonance at 45.4 + 1.1 eV that was unresolved
in the measurement of Scully et al. likely contributed to
the higher value of the fitted energy of the second broad
plasmon resonance in their data. In any case, this differ-
ence is within the combined uncertainties in the fitting of
this broad feature in the two measurements. The mean
energy of the third plasmon in the present measurements
is 45.1 &+ 2.3 eV, which is close to double that of the first
plasmon at 22.7 + 0.4 eV, lending credence to its pos-
sible assignment as a harmonic of the surface plasmon
resonance. No evidence for the third plasmon was found
in the fitting of the CJ, data.

Figure 4 presents the measured photoionization cross
sections for C; ions of different n plotted on the same
scale along with curves representing the least-squares fits,
emphasizing the differences in their magnitudes as well
as their dependences on photon energy. Structurally,
fullerene molecules have spherical symmetry for n < 60
and become increasingly prolate for higher n, supporting
additional modes of oscillation. Their reduced symmetry
and the coexistence different stable structural isomers of
the higher-n fullerenes [24, 25] may be responsible for the
decreasing dominance of the surface plasmon resonance
near 23 eV and a corresponding shift of some of the os-
cillator strength to higher photon energies. This effect is
especially pronounced for Cy for which five stable struc-
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FIG. 4: Comparison of photoionization cross sections for sin-
gle photoionization of C;} ions on the same scale along with
curves representing fits of Eq. 2 to the measurements.

tural isomers have been identified theoretically [26] and
detected experimentally [27], consistent with the isolated
pentagon rule for fullerenes [28, 29]. Tt is likely that an
admixture of structural isomers was present in the C}"g
ion beam but even in this case the energy dependence of
the cross section can be accurately represented by Eq. 2.

V. SUMMARY AND CONCLUSIONS

Absolute cross sections were measured in the 18 —
70 eV photon-energy range for single photoionization of
the fullerene molecular ions C; with n = 40, 50, 70, 76,
78 and 84. Oscillator strengths determined by integrating
the measured cross sections over this energy range exhibit
a linear dependence on the number of carbon atoms, n.
For all n, the dominant feature in the cross sections is
the strong surface plasmon resonance near 23 eV previ-
ously observed in photoionization of Cgy, Cgo and Crg.
With increasing n there is a shift of oscillator strength to
higher photon energies. The cross sections are parame-
terized by a decreasing linear function of photon energy
to represent the small contribution due to direct ioniza-
tion and three Lorentzian functions centered near 23 eV,
34 eV and 46 eV to represent plasmon excitations. The
third feature found near 46 eV is similar to that previ-
ously observed in single photoionization of neutral Cgg
and is attributed to a harmonic of the dominant surface
plasmon resonance.
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