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Angle-resolved photoelectron spectra of gaseous C60 were recorded in the photon energy regions from
21 to 108 eV and from 295 to 320 eV. Partial cross sections o and the angular distribution anisotropy
parameter P vary significantly with photon energy, particularly in the near-threshold region of the
valence and the core ionization regimes. Some of these effects may be attributed to scattering of the outgoing photoelectron by the atoms of the ionized C60 molecule. Our results indicate that the observed satellites of the C(1s) main line are most likely of shake-up character. Low-energy electrons emitted below
the shake-off threshold indicate the occurrence of K-shell vacancy filling double Auger decay.

PACS number(s): 36.40.Mr, 33.80. —
b, 33.60. —
q

I.

INTRODUCTION

After the development of a method [1] for the bulk
synthesis of fullerenes, which was discovered in 1985 [2],
many studies were performed to investigate the electronic
structure of C6p. Some of the most common techniques
involved are (a) photoelectron spectroscopy (PES) [3 —11];
(b) x-ray-absorption
spectroscopy (XAS) [10—13]; (c)
optical-absorption spectroscopy [1,14—16]; (d) electronenergy-loss
(EELS) [17—21]; and (e)
spectroscopy
inverse-photoemission
spectroscopy (IPES) [22].
PES is suitable for the study of occupied electron energy levels, whereas unoccupied states can be investigated
by absorption spectroscopy (AS), EELS, and IPES. Progress in theory [23 —26] followed experimental advances,
giving rise to photoelectron peak designation in terms of
molecular orbitals a, t, h, etc. with different symmetries.
The commonly used abbreviations HOMO and LUMO
mean "highest occupied molecular orbital" and "lowest
unoccupied molecular orbital, respectively. For a comparison of optical-absorption spectra with calculated energy level schemes, dipole selection rules have to be taken
into account. Due to parity conservation, only dipole
transitions between states of different symmetries are allowed.
Although several PES studies have been performed
during recent years, none of them has measured partial
cross sections and angular distribution parameters of
molecular C6p as a function of photon energy. Even fixed
photon energy studies with discharge lamps did not report any information on the angular distribution of the
photoelectrons emitted from C6p. In order to determine
binding energies, partial cross sections, and angular distributions of the photoelectrons,
we recorded angleresolved spectra in the photon energy regions from
fin=21 to 108 eV and from 295 to 320 eV. The experiments were carried out in the gas phase.
For atomic and molecular photoionization,
the
angular-distribution
anisotropy parameter P [27] reflects
the photoelectron's angular momentum [28]. Knowledge
of the P parameter is also useful for correct peak assign-
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ments. The angular momentum may be influenced by
scattering of the photoelectron in the molecule. This
phenomenon is known from shape resonances in molecular photoionization [29].

II. EXPERIMENTAL SETUP
The experiments were performed at the synchrotron
radiation facilities in Berlin (BESSY) and Hamburg
(HASYLAB) under single-bunch conditions. C6o molecules were evaporated by a resistively heated oven running at about T-600'C and ionized by monochromatic
synchrotron radiation from undulator beamlines, BW3 at
HASYLAB and U1 at BESSY, equipped with a plane
grating (SX-700) and a toroidal grating monochromator,
The size of the interaction volume was
respectively.
determined by the intersection of the monochromatic
photon beam (focal size —1 mm) with the molecular
mm at about 5 mm above the inlet).
beam (beam size
In order to determine electron angular distributions, two
time-of-fiight (TOF) photoelectron spectra were recorded
at angles of 0' and 54. 7' with respect to
simultaneously
the polarization vector of the synchrotron light. The degree of linear polarization P& of the monochromatic radiation was determined by comparing measured angular
distributions of the 2p and Zs photolines of neon with the
data of Krause [30]. The measured values for P, were
between 0.75 and 0.99; the tilting angle of P& was approximately zero degrees. Taking these parameters into acparameter of each photocount, the angular-distribution
emission peak can be derived from the intensity ratio of
the line in the two TOF spectra taken at different angles.
Further details of the experimental procedure are given
in Ref. [31]. The kinetic-energy resolution of the spectrometers was approximately 2%%ui.
The kinetic-energy calibration of our spectrometer was
done using Xe NOO Auger and Auger-satellite spectra.
In order to calibrate the photon energy of the monochromator, we recorded Ne 2s, 2p photoelectron spectra in the
valence ionization region and total-yield electron spectra
of CO and N2 in the core ionization region. The
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thresholds

of these two gases are

287.4 and 401. 1 eV, respectively.

III. RESULTS
A. Valence shell ionization

In order to study the partial cross-section behavior, we
recorded TOF electron spectra at several photon energies. For this purpose we used the detector at the socalled "magic angle" (54. 7 ) with respect to the polarization vector of the synchrotron light. The effect of the angular distribution at this position is, in principle, eliminated and relative partial cross sections can be directly
The comparison of a gas-phase spectrum
determined.
with a condensed-phase spectrum, both taken at Boo=65
eV [Fig. 1(a)], reveals a close similarity, indicating the
weakness of the interaction (van der Waals and chemical
bonding) between C6o molecules in the molecular solid.
However, relative intensities of the valence photoemission lines of solid and gaseous C6O are different, probably
because of inelastic effects and differences in the correNote that the
sponding transition matrix elements.
theoretical spectrum, a local density calculation [Fig.
1(b)], does not include effects from the variation of these
matrix elements. Discrepancies between our experimental spectrum and the calculated density of states in the
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higher-binding-energy
region may be due to satellites or
simultaneous double ionization. Above Rcu-30 eV, the
cross sect1on contr lbutes slgn16cantly
double-1onizatlon
to the total cross section [32,33]; the most probable
reason, besides simultaneous double ionization, is valence
Auger decay [34].
Only two peaks, HOMO (h„) and HOMO-1 (g +h )
[23], are resolved in the binding-energy spectra. The
branching ratios of the two highest occupied orbitals
HOMO and HOMO-1, which we obtained by fitting
Gaussian line shapes to the spectra, are displayed in Fig.
2. The ratio of the theoretical intensities of the HOMO
and HOMO-1 would be 5:9 if the corresponding transition matrix elements were the same for both lines [23].
Benning et al. [4] pointed out that transition matrix element effects are influenced by the different symmetries of
these two levels. These authors denote HOMO as 1,
HOMO-1 as 2, peak C as 3, and peak B as 4.
The partial cross sections of the two highest occupied
levels show minima and maxima at differerit photon energies, an effect which is less pronounced for the third line,
C, which is a superposition of several lines. Such an oscillatory structure reminds one of Cooper minima and
shape resonances seen in the ionization of heavier atoms.
A reason for possible Cooper minima in our case might
be the different orbital angular momenta of the electrons
in the HOMO and HOMO-1 levels [26]. More likely,
however, is the existence of several maxima in the partial
cross section generating minimumlike behavior for the
limited number of data points in the energy range in this
study. Such maxima are seen in a variety of molecules,
e.g. , in the valence-shell photoionization of CO. They are
due to shape resonances with different symmetries in the
partial cross section [29]. The mechanism for the occurrence of shape resonances is explained later in the
context of core ionization where this effect is m. ore distinctly exhibited.
At this point, we would like to compare our results for
measurements
on
free molecules with corresponding
condensed-phase C6o. Benning et al. [4] report, in their
study of the photoemission intensities as a function of
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FICx. 1. (a) Valence photoelectron spectra in the condensed
[g] and the gas phases taken at a photon energy of 65 eV along
with the ratio R between the gas- and the condensed-phase photoelectron line intensities. (b) Theoretical spectrum calculated
for the condensed phase with peak designations from Ref. [26].
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FIG. 2. Branching ratios of the two highest occupied levels
and the third line, peak C, with respect to the total (single) ionization cross section.
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photon energy, remarkable modulations in the partial
cross sections. They attribute this behavior to transitions
to 6nal states that retain distinct molecular character and
symmetry at approximately 100 eV above the highest occupied level. Since they did not record complete spectra,
they normalized their results with respect to a peak exintensity
pected to show little photon-energy-dependent
variations due to mixed-symmetry character. In order to
compare our results with those of Benning et a/. , we performed the same type of normalization for our data. The
result is shown in Fig. 3. Since peak B used for the normalization (peak 4 by Benning et a1. [4]) is not a completely resolved structure and is on an increasing background function, a direct comparison between the two
data sets may be misleading due to different peak analysis
procedures. We have therefore renormalized the data of
Benning et al. by a constant factor of 0.42 in order to
bring their relative intensity scale in accord with ours.
This procedure does not affect the oscillatory structure
seen in the solid-state data and it allows a direct comparison with the gas-phase results. The comparison reveals
the same structure of alternating oscillations in the partial cross sections of the two highest occupied molecular
orbitals of C60 in both the solid and the free molecule although, for the latter, data is much less complete. This
shows that the origin of the observed resonance structures should basically be the same. Benning eI; aI. compare their results with related work on graphite, which is
easier to calculate concerning the wave function in the
continuum.
For this case, similar effects are expected
and were indeed observed [44]. %'e believe that the existence of nonplanar-wave-like
continuum states in the
solid is caused by the same scattering effect that gives rise
to the occurrence of shape resonances in free molecules.
The more pronounced appearance of this effect compared
to other molecules, such as CO, results from the larger
variety of possible continuum states and the higher number of scattering centers in C60. However, to substantiate
this statement, more detailed gas-phase measurements in
smaller steps are clearly required.
In order to convert our measured branching ratios into
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partial cross sections, we used the relative absorption
cross-section data of Hertel et al. [35]. In spite of the
poor agreement between experiment and theory [36—40],
we tried to obtain absolute cross sections on the basis of
the theoretical calculation [36]. The relative photoabsorption curve of Hertel et al. , which was measured via
ion yield, was scaled using the theoretical total cross section of cr —140 Mb at a photon energy of Aro-32 eV [36].
This calibration is rather tentative because to date there
exists no experimental verification of these theoretical
values; however, for the moment, no better data for absolute calibrations are available. The result is shown in Fig.
4(a).
%'e also determined the angular distribution of the
HOMO and the HOMO-1 for various photon energies, as
described above [Fig. 4(b)]. The oscillatory behavior of
the anisotropy parameter P at lower photon energies may
be explained by scattering of the outgoing photoelectron
by other atoms in the moleIcule, giving rise to shifts in
their relative phases. In this sense, the structures seen in
0 and P corroborate the shape resonance interpretation.
This interpretation is also consistent with the behavior as
higher energies are approached, because the scattering
probability decreases with increasing photon energy, levThe valence shells of each C60
eling off asymptotically.
molecule consist of o. and m orbitals, which are populated
by 180 and 60 electrons per cluster, respectively. In general, the cr orbitals do not seem to exhibit a more anisotropic behavior than the ~ orbitals, as seen in Fig. 5. At
a photon energy of %co=108 eV, the corresponding average anisotropies of the ~+a levels, the o. levels, and the
satellites are 0.78, 0.95, and 0.53+0.2, respectively.
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—1
20

30

40

Photon Energy (eV)

FIG. 4. (a} Partial cross sections of the two highest occupied
molecular orbitals (HOMO and HOMO-1} and level C, and (b}
angular distribution of photoelectrons emitted form these orbitals. See also Fig. 9.
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ionization is negligible in this energy regime, as seen in
Fig. 7 (full details given later). The angular-distribution
anisotropy parameter P increases with increasing photon
energy towards its maximum value P( C 1s ) = 2. Molecular effects, i.e., deviation of the anisotropy parameter
from P=2, are seen in the energy region between the
C( ls) ionization threshold of gaseous C6G, A'ro-290. 1 eV,
and about %co-300 eV. Note that the core binding energies of solid [13] and gaseous [10] C&G are the same within
the experimental accuracy. In this photon energy region,
the photoelectron may be scattered by the atoms in the
molecule and thereby pick up additional angular momentum before it finally leaves the molecule. Consequently,
the P parameter is lowered from its normal value of two.
This shape resonance effect may be explained by the hand
waving argument of a simple centrifugal barrier model.
The effective potential of the electrons consists of two
contributions, the molecular and the centrifugal parts,
the latter being strongly influenced by the electron
scattering process. The centrifugal barrier forces the
electron away from the molecule if its kinetic energy is
10 eV. Therefore, the overlap between the
below E„;„—
bound core electron and the free electron is decreased at
lower kinetic energies. However, when the electron
kinetic energy is large enough to overcome the centrifugal barrier, the overlap suddenly increases and the total
cross section reaches its maximum at about 10 eV above
the C( ls) ionization threshold [29]. Hence, the variation
of the P parameter supports the existence of a shape resonance above threshold, similar to carbon in other mole-

The core photoionization cross section reaches a maximum at a photon energy of A'co-300 eV [11] [Fig. 6(a)].
This absorption spectrum was taken via total electron
yield. In order to examine whether or not this maximum
is caused by a shape resonance analogous to smaller molecules, we also measured the angular distribution of the
C( ls) main line [Fig. 6(b)]. The contribution of valence
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FIG. 6. {a) Photoabsorption cross section above the C(1s)
ionization threshold from Ref. [11],and (b) angular distribution
of the C{1s) main line of C60, compared with the angular distribution of the CO C(ls) main line [41,42], plotted at the same
kinetic energy. Note that the C(1s) ionization potential (IP) of
C60 is 6.0 eV lower than the IP of CO.
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FIG. 7. (a) Photo intensities and Auger line intensities and
(b) angular distributions of the C(1s) main line and its satellites.
The shaded area in (a) represents the low-energy part of the
double-Auger continuum. The threshold kinetic energy for the
high-energy part of the double-Auger continuum is assumed to
be 10 eV below the corresponding diagram lines.
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cules, e.g. , CO [Fig. 6(b)] [41, 42].
In addition to the C ( is) main line, satellites are seen in
the photoelectron spectrutn (Fig. 8). To infer additional
information about the resolved satellites, we also measured their angular distributions.
Their anisotropy parameter P does not differ significantly from the P parameter of the main line (Fig. 7). These satellites are most
likely to result from shake-up processes without any
transfer (i.e. , monopole excitations).
angular-momentum
The first satellite with a binding energy of 1.9 eV corresponds to a HOMO~LUMO transition. The second satellite with a binding energy of 3.8 eV is assigned as a
HOMO~LUMO+2 transition (Fig. 7), according to
Enkvist et al. [9]. The Hiickel symbols of the LUMO
LUMO+ 2( t 2„), and LUMO
( t„), LUMO+ 1( t, g ),
+3(h ) may be found in Ref. [25]. In contrast to our results, Weaver et al. [8), who compare their satellite spectrum (Fig. 8, bottom) with EELS spectra, denote the
second satellite as a dipole transition (HOMO~LUMO
+3). Monopole excitations are suppressed in EELS if
the initial electron energy greatly exceeds the excitation
energy. According to Krummacher et al. [10], dipole
contributions to this satellite should be significant. Their
assignment of the second satellite is HOMO~LUMO+2
and LUMO+3. Following Weaver's interpretation, the
second satellite should show an approximately isotropic
angular distribution, as one would expect for a conjugate
shake-up satellite, because no angular momentum
is
transferred to the photoelectron. Furthermore, the relative intensity of conjugate shake-up satellites (with
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FICx. 8. Comparison of our C(1s) gas-phase satellite spectrum with the gas-phase spectrum of Krummacher et al. [10]
taken at a photon energy of 390 eV and two corresponding spectra recorded in the condensed phase [8, 10] at photon energies of
1486.6 and 850 eV, respectively.

C60

respect to the main line) decreases with increasing photon
energy due to the decreasing overlap between bound-state
and continuum wave functions. We compared the measured relative intensity of the first two satellites (ttiro= 318
eV) with Krummacher's results (fico=390 eV). The intensities of the first two satellites in these spectra are
nearly the same within the experimental accuracy, supporting an interpretation of this satellite as a shake-up
line. The P-parameter curve of the other (nonresolved)
satellites in Fig. 7 indicates a tendency to smaller P
values, perhaps due to scattering at lower kinetic energies
as seen for the C( is) main line. To prove this interpretation, further measurements at higher photon energies are
necessary.
Concerning the C(ls) satellite spectrum (Fig. 8), the
broad peak at a binding energy of about 30 eV leads us to
some questions about its origin and intensity. This peak
could be due to inelastic scattering [9], plasmon excitation [8], photoelectron satellites, or a continuous distribution of electrons such as shake-off and double Auger. In
principle, all of these mechanisms could contribute to our
observed spectrum.
Therefore, we will discuss the
different possibilities brieAy on a more quantitative basis
beginning with inelastic scattering. The large uncertainty
in the determination of the target density in the interaction volume results from the oven temperature measurement due to the difhculties in mounting the thermocouple
directly in the inner part of the oven where the evaporation takes place. The measured temperature
should
therefore be regarded with some caution. In order to estimate the target density somewhat quantitatively,
a
count-rate comparison between CO and C6o will be more
reliable if the core ionization cross sections are of the
same order of magnitude [45]. The target pressure for
our CO measurements was less than 0. 1 Pa [41]. The
C(1s) photoelectron count rate, which was normalized to
the photon fiux, was 20% higher than in the case of C6o,
suggesting a similar carbon target density in both cases.
Taking into account the molecular-size dependence of inelastic scattering, this scattering effect may indeed contribute to our spectrum. However, the corresponding inelastic scattering peaks in CO are relatively weak, even in
the case of 10 —10 times larger sample pressures as used,
e.g. , by the electron-spectroscopy-for-chemical-analysis
(ESCA) measurement of Gelius [46]. These scattering
peaks account for several percent of the total shake-up
structure. We assume similar contributions in our spectrum due to the smaller density but larger size of the molecule. The estimated ratio of the target densities of solid
and gaseous C60 is under the above assumptions, at least
10 at the interaction volume. The dominant part of the
observed peak structure results, therefore, from intrinsic
processes such as shake-up and plasmon excitation,
whereas extrinsic contributions such as inelastic scattering are virtually negligible. We will return to this point
later.
In the context of this more technical discussion, we
want to concentrate now on possible continuous energy
distributions of electrons. Here we have to distinguish
between shake-off and double Auger, both of them having
maximum intensity at very low kinetic energy. Both pro-
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cesses are indistinguishable
at higher excess energies,
such as in the case of our spectrum recorded at Ace=318
eV. However, a spectrum taken at Ace =295 eV should be
free from shake-off contributions associated with C(ls)
photoionization because it is below any corresponding
threshold that we could tentatively assume ( —301 eV).
The observed distribution of low-energy electrons at this
energy should therefore be solely due to double-Auger
processes, which are known from most K-shell vacancyones.
filling processes, both resonant and nonresonant
Double-Auger decay contributes to about 10% of the total Auger intensity in the rare gases [47] and is assumed
to contribute as much as 60% of all Auger processes following 4d shell ionization of atomic barium [48]. Our estimate of the double-Auger probability (34»%) in C6o is
the average of all spectra above 310 eV but coincides basically with the spectrum taken at Am=318 eV with the
best signal-to-noise ratio. This is a relatively high number, which has to be proved independently, for example
by complementary methods such as photoion mass spectrometry. The shaded area in Fig. 7 shows the normalized double-Auger intensity underneath the satellite and
plasmon peaks. The corresponding
C( ls) spectrum
shown in Fig. 8 is a difference spectrum where the
double-Auger contribution was subtracted in order to facilitate comparison with other spectra taken at higher energies where these two contributions (double Auger and
satellite intensities) are clearly separated.
We return now to the interpretation of the broad structure in the satellite spectrum at a binding energy of about
30 eV. Weaver et al. [8] and Krummacher et al. [10]
suggested that this satellite could be caused by a plasmon
excitation. Enkvist et al. [9] proposed another mechanism related to resonant processes. In the following we
discuss the implications that result from our arguments.
In metals (collective) plasmon satellites are much weaker
than usual photoemission
satellites, and the relative
plasmon intensity (with respect to the main line) should
rise with increasing photon energy [43]. This eff'ect is
shown by the two solid-state spectra taken at higher photon energies with respect to each other, but also with
respect to the gas-phase spectrum taken by Krummacher
et al. at Ace=390 eV. However, the estimated satellite
intensity of our gas-phase spectrum taken at even lower
photon energy seems to be similar or even higher compared to the corresponding intensity in the spectrum of
Krummacher et al. [10], in contrast to the hypothesis of
decreasing intensity toward threshold. This behavior rein future photon-energyquires further examination
dependent experiments in order to determine the energy
dependence of the broad satellite peak more precisely.
Comparing with solids C( ls) satellite spectra of graphite
and diamond [49] show features similar to the two
plasmon satellites of C6o [8]. Following the argument of
McFeely et al. [49], these peaks may also consist of usual
photoelectron satellites rather than being pure plasmon
satellites. In addition to plasmon excitation, internal
scattering of the photoelectron on its way out, as is
known from satellites at low kinetic energies [50] and virtual molecular states corresponding to shape resonances,
might also contribute to the observed broad structure in
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near threshold

spectrum, in particular

the photoelectron

[51].
Finally we looked for angular distribution effects in the
KVV-Auger spectra. Under the conditions of recording
low-resolution Auger spectra, we found no evidence of an
anisotropic Auger emission above the C(ls) ionization
threshold (P-O, see Fig. 7), indicating little or no anisotropy of the preceding photoabsorption process. However, high-resolution measurements are necessary to prove
this statement, as is found in the case of CO [52].

C. Partial and total cross sections
Partial and total cross sections are plotted in the photon energy region from the first ionization threshold
( V;,„=7.61 eV) to %co-315 eV [Fig. 9(a)]. The relativeabsorption curve of Hertel et al. [35] was scaled, assuming the theoretical cross section to be cr —140 Mb at a
32 eV, according to Wendin and
photon energy of Ace —
Wastberg [36]. The ratio of core-to-valence ionization
cross section was obtained, determining the X VV Auger
to valence PES peak area ratio (36.5:1) at a photon energy of A'co=315 eV, yielding an extrapolated cross section
of about o. —2 Mb. Following Wendin's calculation
based on the jellium model [36], the total cross section of
the C60 cluster seems to be smaller than the cross section
of the CO molecule [41] in the photon energy region between A'co-120 eV and the C(ls)~LUMO absorption
threshold, a result that is somewhat puzzling. In spite of
this, we have extrapolated this theoretical data to higher
energies by assuming an asymptotic behavior of the
o. -(A'co)
because no other
valence photoionization
data were available for this purpose. However, more elaborate theoretical work is necessary to explore the
The
behavior of the partial cross sections quantitatively.
pabehavior of the corresponding angular-distribution
rameter P over the whole energy range is shown in Fig.
9(b).
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FIG. 9.

for the total cross sections and the theory of Wendin and
Wastberg [36] for absolute calibration. The dashed and the dotted lines represent the solid state data from Ref. [4], normalized
anisotropy
to our peak 8 intensities. (b) Angular-distribution
parameters of two valence lines and the C(1s) line.

ANGLE-RESOLVED PHOTOELECTRON SPECTROSCOPY OF

IV. SUMMARY
Angle-resolved photoelectron spectra of gaseous C6O
were recorded. Partial cross sections and angular distributions show significant variations in the valence ionization as well as in the core ionization regions, especially in
the kinetic-energy range from 0 to 20 eV above threshold.
Some of these eft'ects may be explained on the basis of
scattering of the outgoing photoelectrons by the atoms of
the spherical-shaped molecule. Towards higher photon
energies the partial cross sections show oscillatory
behavior similar to the occurrence of shape resonances
and Cooper minima in atoms, being interpreted primarily
in terms of shape resonances in the corresponding partial
cross sections in good accord with the condensed-phase
data. The clear appearance of these oscillating resonances in the absolute partial cross sections below 30 eV
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