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We examined the relative ionization and fragmentation probabilities of C60 after excitation by monochro-
matized synchrotron radiation in the energy range of 18–280 eV. The energy dependence of the relative cross
sections of C60

q+ �q=1–4� and the associated fragments C60–2n
q+ �n=1–6 for q=2,3 and n=1,2 for q=4� are

analyzed. We present the ionization and appearance energies for those ions and fragments as well as the partial
cross sections for the C60 ions.
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I. INTRODUCTION

Buckminsterfullerene, C60, is of scientific interest because
it is an exceptionally stable and symmetric cluster with a low
sublimation temperature that allows us to study large clusters
in gas phase. Observing the behavior of C60 after ejecting
one or more electrons by photon impact could give us great
insight into the multiple-photoionization process of other
clusters, and will increase our knowledge about C60 clusters.

Earlier studies have extensively explored the C60
2+ ioniza-

tion threshold region �1–3� between 18 and 45 eV. Aksela et
al. �4� and Karvonen et al. �5� investigated C60 in the higher
photon energy range of 280–340 eV near the K shell, while
Reinköster has explored the intermediate energy region be-
tween 26 and 130 eV �6�. Recently, we have investigated the
double-photoionization process of C60 from threshold to
280 eV, which is published elsewhere �7�. However, multiple
photoionization and fragmentation over the full photon en-
ergy range from the double-ionization threshold to the K
shell has not been covered experimentally, with a notable gap
in the 130–280-eV region. The present study improves on
previous measurements of the double-, triple-, and
quadruple-ionization threshold regions, while also bridging
the gap between the low and high photon energies. More-
over, we present new data on the C60

q+ �q=1–4� ionization
energies and cross sections.

Finally, although the amount of data for ionization and
fragmentation of C60 by electron impact is large �8–14�,
there are less fragmentation data available for photoioniza-
tion. The existence of C58,56

2+ has been observed in the
60–120-eV range �1� and of C52

+ at 41 eV �3�. Further stud-
ies have observed C58,56,54

+ ions and double-ionized C60–2n
�n=1–5� fragments in the 26–130-eV range �6�. None of
these papers show higher charge states of these fragments,
nor do they present the corresponding appearance energies.
Our measurements in the 18–280-eV region presented here

show the presence of doubly, triply, and quadruply charged
C60–2n �n=1–6� fragments along with their appearance ener-
gies obtained through single-photon ionization and ion time-
of-flight �TOF� spectrometry.

II. EXPERIMENT

A. Beamlines

The data were obtained through a series of experiments
performed at the Aladdin Storage Ring at the Synchrotron
Radiation Center �SRC� in Stoughton, WI �U.S.A.�. The first
experiment was performed on the Undulator 4 m Normal
Incidence Monochromator �U1 NIM� �15� using an energy
range of 18–40 eV with an energy resolution of 15 meV at
25 eV. We had found that stray light affected the data at
higher energies ��35 eV�, and thus restricted our data to the
region between just below the double-ionization threshold
�19 eV� and 35 eV. The data were acquired in 0.1 eV steps
in the 19–22 eV region, in 0.2 and 0.25 eV steps in the
22–26-eV region, and in 0.5 eV steps beyond that. The ac-
quisition times depended on the photon energy, and they
ranged from up to an hour near threshold to five min in the
midrange energies, and up to half an hour near 35 eV. Most
data points were measured at least twice and the measured
values were averaged.

The second experiment was performed on the 6 meter To-
roidal Grating Monochromator �6 m-TGM� �16� which has
an energy range of 8–200 eV with an energy resolution be-
tween 54 meV at lower energies and 0.3 eV at higher ener-
gies. Second order light was present at the lower energies
unless suppressed by an appropriate filter. In the case of the
6 m-TGM we had used Al and Si3N4 filters for the
36–70 eV and 70–100-eV range, respectively. Thus, data
below 36 eV were not taken. Similarly, data above 180 eV
were affected by stray light and useful data were limited to
the 36–180-eV range. The acquisition times were, on aver-
age, 15 minutes to half an hour and were taken in 2–5-eV
steps. The measurements were done typically twice at each
photon energy.

The third experiment was performed on the Wadsworth
Normal Incidence Monochromator beamline �17� that has an
energy range of 7.8–45 eV with an energy resolution of
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40 meV at 20 eV. There was no second-order or stray light
present, and the data were taken in the 19–45-eV range. The
acquisition times were typically 30 min long, taken in
0.25–0.5-eV steps.

The fourth and final experiment was done on the Mark II
Grasshopper �18� beam line that has an energy range of
40–800 eV with a resolution of 0.7 eV at 170 eV. The mea-
surements were taken over an energy range of 56–280 eV in
5 eV intervals with an average acquisition time of about half
an hour. Aluminum, Si3N4, and carbon filters were used to
suppress second-order light in the 56–70-eV, 70–100-eV,
and 150–280-eV ranges, respectively, while the beamline
itself had no measurable second-order light in the
100–150 eV region. The measurements were done typically
twice at each energy.

Because of the good resolution of the beam lines near the
double-ionization threshold and the lack of a need for better
resolution at higher energies, the slits on the beam lines were
kept open for most of the spectra taken. The energy resolu-
tions mentioned above are for the slit settings used on these
beam lines.

B. Experimental apparatus

The monochromatic photon beam passed through a differ-
ential pumping stage which also contained our filter arrays.
The capillary connecting the differential pumping stage to
the main chamber was electrically insulated from the rest of
the chamber, and the chamber was aligned so that the pho-
tocurrent created on the capillary was minimized �usually at
about 100 pA or less� to ensure good alignment with the
photon beam. The capillary was then also biased to prevent
electrons, created on the capillary’s surface by the photon
beam, from entering the main chamber and ionizing the C60,
ensuring that only photoionization is taking place.

The photon beam intersected the C60 vapor that emerged
from a resistively heated oven in the main chamber. The
oven temperature was typically 375 °C, applying a 0.8 A
current and a 10.5–10.6 V potential across the twin core
heating wire. While all previous papers in the literature re-
ported performing their experiments at temperatures that
were considerably higher �1,2,4–6,8–14�, we had no prob-
lem in obtaining excellent and very strong peaks at tempera-
tures just above 350 °C. Considering that the vapor pressure
of C60 is already about 7�10−4 Pa at room temperature, it
does not seem necessary to use a higher temperature to
achieve a vapor density needed for the experiment, given a
sufficiently wide oven nozzle for the vapor to sublime
through. As Fig. 1 shows, once a C60 molecule in the vapor
became photoionized, it was extracted by a pulsed electric
field across the interaction region, and then accelerated into
the drift tube. The electric field was pulsed every 45 �s for
4.5 �s. At the end of the drift tube was a Z stack
microchannel-plate �MCP� detector which recorded the ion
impacts. By measuring the ion’s flight time, we obtained a
TOF ion-yield spectrum for C60 and fragment ions �19�. Be-
cause we did not observe any influence of thermal electrons
on the spectra, which could have contaminated the interac-
tion region, we did not bias the oven but left it grounded.

C. Experimental parameters

The C60 used in the experiment was a 99.5% pure powder.
During the experiment, the pressure in the chamber was
never higher than 1�10−8 mbar, and was usually in the
3–5�10−9 mbar region. Because of the large mass of the
C60 molecules there were no overlaps with ionization peaks
of common contaminants in vacuum chambers �N2, H2O,
etc�. Even so, our contaminant peaks were small, giving us
excellent spectra, as shown in Fig. 2. While the resolution
was good enough to separate the doubly charged fragments,
it could not be reliably done for the singly charged ones.
Therefore, all our ratios are based on the total areas of all
singly charged fragments added together.

Neon and argon gas was used during the experiments for
photon energy calibration and for the derivation of partial
cross sections of the fragments and ions. In addition, we also
used Xe and Kr to calibrate the energy of the Mark II Grass-
hopper beamline. The calibration gases were kept at a steady
pressure for the duration of their measurements via a regula-
tor and a needle valve.

FIG. 1. �Color online� Sketch of the experimental setup.

FIG. 2. �Color online� C60 time-of-flight spectrum taken at a
photon energy of 210 eV on a nonlinear mass-to-charge ratio scale.
Note that the ion and fragment peaks of the residual gases, shown in
the inset, are small and do not affect the areas of the C60 peaks.
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The preamplified ��10� MCP pulse was processed by a
constant-fraction discriminator �CFD�. The threshold of the
CFD was set to a level of 28 mV �its lowest setting� to en-
sure that there was no difference in the detection efficiencies
between the singly and doubly charged ions. Because the
C60

+ count rate decreases faster with increasing CFD thresh-
old, our setting of the CFD to the lowest value ensured we
would not be measuring relative ratios that were too high.
The only disadvantage in setting the threshold to such a low
level is an increased background in the spectra but it did not
pose a problem here.

We also looked at the C60
2+ /C60

+ ratios as a function of
MCP voltage on the front plate. Figure 3 shows that this ratio
decreases as the MCP voltage increases due to the different
detection efficiencies of differently charged ions. Although
we did not apply in the first two experiments the ideal MCP
voltage of about 3915 V, we adjusted the few, earlier data by
a factor of 1.57 to match the majority of data taken using the
most efficient MCP voltage. Note that this adjustment was
not done according to the curve in Fig. 3 but was based on
the actual data, because we applied the voltage differently to
the MCPs. Our earlier measurements have been repeated at
the same photon energies with the correct MCP voltage, and
the correction factor applied here is the average factor be-
tween the two sets of ratios.

Finally, we also studied the possible influence of the oven
temperature on the relative cross sections of multiple-ionized
C60. We tested this for temperatures between 210 °C and
380 °C by controlling the heating wire current and did not
find a dependence of the relative cross section on the tem-
perature of the oven. We kept the temperature constant at
375 °C during the experiments.

III. DATA ANALYSIS

In order to determine the photon energy dependence of
the relative cross sections of C60, we took TOF spectra over
a range of photon energies. The areas of the C60 ion and

fragment peaks were either modeled with an asymmetric
Voigt profile and their areas extracted, or directly numeri-
cally integrated. The reason for not numerically integrating
all peaks is the narrow spacing of the fragments at higher
energies as shown in Fig. 4. Nevertheless, the areas of the
ion peaks could be determined reliably. At some photon en-
ergies the spectra were taken repeatedly and only the average
value is shown resulting in a smaller error bar.

We applied an energy correction to the photon energies
for those beam lines whose calibration data demonstrated an
energy offset larger than the energy resolution. We calibrated
the photon energy by observing the Ar 3s→5p resonance at
27.993 eV �20�, the Ar 2p3/2→4s resonance at 244.39 eV
�21�, the Ne 2s→3p resonance at 45.5442 eV �22�, the Xe
4d→6p resonance at 65.110 eV �21�, and the Kr 3d→5p
resonance at 91.2 eV �21� via an ion-yield scan across the
resonance regions. The corrections of the photon energy
were assumed to be a constant offset in wavelength for all
the spectra taken in the region of interest.

All our ratios were calculated using the area of all Cn
+

�n�60� peaks. As mentioned earlier, our resolution could
not reliably differentiate between C60

+ and the nearest singly
charged fragment peaks, so we used the sum of all single-
ionized ion areas for our calculations. Note that no fragmen-
tation takes place below 47 eV �6�.

The relative C60
+ cross sections were calculated at each

photon energy h� by dividing the areas of single-ionized C60,
C�h��, with the areas of either single-ionized Ar or Ne,
A�h�� and multiplying these ratios with the known cross sec-
tions for Ar or Ne �23,24�, R�h��. In order to derive the
absolute partial cross sections for producing C60

+, we nor-
malized our relative cross sections by a factor N such that the
sum of our single- and double-photoionization cross sections
matches the photoabsorption cross section at 40.8 eV derived
by Berkowitz �25�. In short, we used the formula

�+�h�� = N
C�h��
A�h��

R�h�� �1�

to derive the absolute cross sections �+�h��. It is worth not-
ing that this method does not require a measurement of the

FIG. 3. �Color online� The C60
2+ /C60

+ ratio taken at 23 eV as a
function of the front MCP voltage. The best MCP voltage corre-
sponds to the minimum value which was extracted via a polynomial
fit �solid line�. The minimum of the polynomial fit is marked with
an arrow and corresponds to 3915 V.

FIG. 4. �Color online� A typical example of a Voigt-profile fit
applied to our ion-yield spectrum in the region of doubly charged
ions taken at 255 eV. The fit curve �solid line� and data points �open
circles� are both multiplied by 10 relative to the dotted line and
filled circles, respectively.
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photon flux. However, it assumes that the density of the Ar
�Ne� and C60 gas does not change with time.

In order to derive the partial cross sections �q for produc-
ing higher charge states q �q=2–4�, we used the formula

�q�h�� = �+�h��Cq�h��/C�h�� . �2�

Here, C�h�� and Cq�h�� are the areas of the C60
+ peak and

the C60
q+ peak, respectively.

IV. RESULTS AND DISCUSSION

A. Doubly charged ions

Figure 5 shows both the double-to-single ionization cross-
section ratios of the sum of all fragments, as well as just that
of the C60

2+ ion. Shown alongside our data are previously
published ratios of Drewello et al. �1�, Reinköster et al. �6�,
Aksela et al. �4�, and Karvonen et al. �5� which qualitatively
agree with our data. However, the ratios of Refs. �1,6� are
multiplied by different factors as indicated in the figure. Note

that the ratio at 280 eV of Karvonen et al. �5� agrees with
our ratio very well without any scaling. The energy depen-
dence of the data from Drewello et al. �1� agrees well with
our data at energies smaller than 50 eV, but their large error
bars make a true comparison difficult. The data points of
Reinköster et al. �6� agree with our data �except for the scal-
ing� quite well up to 100 eV at which point they tend to be
systematically lower, possibly due to stray light present at
higher energies. Our points were taken with different grat-
ings and different filters on different beamlines, creating an
occasional small kink in the ratio when the filter or grating
was changed. The C60

2+ threshold of 19.00�7� matches most
of the previous data for the double-ionization energy mea-
sured by both photoionization and electron-impact ionization
as listed in Table I.

To check whether the Wannier power law �26� can be
applied to the relative cross section near threshold, we per-
formed several power-law fits over a variable range of pho-
ton energies, with the lower end of the fit always being the
threshold �19.00 eV�. As the upper limit of the fit range in-
creases, the value of the exponent � for the power-law fit
goes up from its initial value of 0.73 to about 1.7, where it
becomes almost constant �Fig. 6�. The theoretical value of
�=1.056 is obviously not reached for our near-threshold
data, perhaps because C60

2+ is strongly polarized. However,

FIG. 5. �Color online� Double-to-single photoionization cross-
section ratio as a function of photon energy. The filled triangles
represent the relative cross sections of the sum of all double-ionized
fragments peak areas. The filled circles represent just the C60

2+

peak, the open circles represent experimental results of Drewello et
al. �1� scaled by a factor of 4, while the open diamonds represent
the results of Reinköster et al. �6� scaled by a factor of 1.3. A
280 eV point from the results of Aksela et al. �4� and Karvonen et
al. �5� is shown as an open triangle.

TABLE I. Ionization and appearance energies of C60
2+ and its double-ionized fragments compared to

experimental values observed in previous investigations. n denotes the number of carbon atoms in the ion.

n
This
work �6� �14� �2� �3� �8� �10� �13�

60 19.00�7� 19.0 19.00�3� 19.5 19 19.1 18.98�25�
58 55.5�8� 59 53.9 54 54.1

56 60�2� 61 59.8 59.8 59.9

54 68.8�6� 74 65.1

52 73�4� 77 71.8

50 77�1� 86 75.8

48 80�1� 82.1

FIG. 6. The Wannier exponent � as a function of the upper limit
Emax of the fit range using the formula �2+ /�+	 �h�−19.0�� where
h� is the photon energy in eV. The minimum of the fit range is the
double-ionization threshold of 19.00 eV.
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if one would get much closer to threshold, the Wannier ex-
ponent of 1.056 may be recovered.

A careful look at the double-to-single photoionization ra-
tio reveals a modulation of that ratio �7�. In Fig. 5 the modu-
lation is clearly visible above 90 eV, where one can see a
hump, followed by a dip, and then another hump. The ratio is
increased at certain excess �kinetic� energies �i.e., photon
energy minus double-ionization threshold�, where the corre-
sponding de Broglie wavelength of one of the two electrons
created in the double-ionization process matches various dis-
tances unique to C60 molecules. While this enhancement is
rather small at lower energies, it becomes larger at higher
energies. These distances correspond to the distance between
two neighboring carbon atoms, the diameter of the cluster, or
the diameter of a hexagon. A detailed discussion of this ef-
fect has been published recently �7�.

Figure 7 shows the relative cross sections of the doubly
charged fragments from their appearance, when C2 mol-
ecules start to break off, up to 280 eV. Note that the relative
photoionization cross section of C48

2+ has not been shown
before. The energy dependence of the fragment curves is
similar in that they all exhibit a high sloped increase from
their appearance energies that abruptly ends with a peak.
Beyond the peak, the curves slope down gently, become
horizontal, and even rise again slightly. The maxima and
appearance energies in the fragments’ relative photoioniza-
tion cross sections appear at successively higher energies as
the fragments become smaller.

We used a power-law function fit in the appearance en-
ergy region of the double-ionized fragments shown in Fig. 8.
We moved up the lower limit of the fit range until the
minima became stable in order to reduce the influence that
the points below the appearance energies had on the overall
fits. In case there were an insufficient number of points for a
fit, or the points could not give a reliable fit, we placed the
appearance energy in the middle of the appearance region,
with error bars that covered the whole region. The appear-
ance energies, along with those of previous papers dealing
with both photoionization and electron-impact ionization, are
shown in Table I.

B. Triply charged ions

Our triple-photoionization cross-section ratios are shown
in Fig. 9 together with the data presented by Reinköster et al.
�6�, showing good qualitative agreement above the threshold
energy. Again, as for the double-to-single photoionization ra-
tio, we see a deviation of the two sets of ratios from each
other starting at an energy where the triple-ionized fragments
begin appearing. However, as Fig. 10 demonstrates, the
shapes of the ratio curves do not exhibit a hump followed by
a dip, as the double-ionization ratios do. Instead, all of the
curves seem to be similar in shape and go up gradually after
reaching a plateau region. This energy dependence is similar
to the one for the C60

3+ ratio, which is not the case for the
double-ionized fragment ratio.

As in the case of double-ionized fragments, the appear-
ance energies go up from larger to smaller fragments as more
carbon dimers �C2� break off �see Fig. 11�. However, the
differences between the appearance energies seem to be

FIG. 7. �Color online� Double-to-single photoionization cross-
section ratios of Cn

2+ fragments for n=58,56,54,52,50,48 as a
function of photon energy.

FIG. 8. �Color online� A closeup of Fig. 7 in the appearance
energy region of the Cn

2+ fragments for n=58,56,54,52,50,48.
The markings show the appearance energies as labeled in the figure.
The curves for the different fragments are labeled on the right-hand
side of the frame.

FIG. 9. �Color online� Triple-to-single photoionization ratios as
a function of photon energy. The circles represent the cross-section
ratios of the sum of all triply charged fragments. The diamonds
represent the cross-section ratios of just the C60

3+ fragment, while
the triangles represent the data for the C60

3+ ratios as presented by
Reinköster et al. �6�, but scaled by a factor of 7.2.
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smaller for triple-ionized fragments than for double-ionized
fragments, and both C52

3+ and C50
3+ appear at the same en-

ergy, as listed in Table II. The appearance energies were
determined by applying a power-law function fit to the
threshold region. If there were insufficient points or the fit
procedure did not work, the appearance energy was set to the
middle of the threshold region, with error bars that cover the
whole range where the fragment might have appeared. Al-
though the majority of our appearance energies are lower
than those obtained by electron impact �14�, our triple-
photoionization threshold energy of C60 is substantially
higher than the one for electron impact. However, our rela-
tive cross-section curve for triple-ionized C60, displayed in
Fig. 9, agrees qualitatively with the one of Reinköster et al.
�6�, which was also obtained by photoionization.

C. Quadruply charged ions

The highest ionization state of C60 that we have reliably
observed below the K shell is the quadruple-ionization state.
We determined the threshold and appearance energies of

C60
4+, C58

4+, and C56
4+ that, to our knowledge, has not been

done before, neither by photoionization nor by electron-
impact ionization. Figure 12 shows the relative cross-section
curves of those three ions, as well as the relative cross sec-
tion of their sum. It is interesting to note that the shapes of
the curves have a similar energy dependence.

The appearance energies of the C60
4+ and the fragments

C58
4+ and C56

4+ seem to be much more closely spaced than
the one for doubly and triply charged fragments. The thresh-
old energy for C60

4+ was determined to be 69�1� eV. The
appearance energies for C58

4+ and C56
4+ are approximately at

74�7� eV and 74�9� eV, respectively. The weakness of the
quadruple-ionization process in the threshold region makes
the determination of a threshold energy particularly difficult,
resulting in the large error bars.

D. Partial cross sections

In Fig. 13 the cross sections of singly to quadruply
charged C60 ions are displayed. We extended the energy
range of Reinköster et al. �6� to 240 eV as well as more
thoroughly explored the double-ionization threshold region

FIG. 10. �Color online� Triple-to-single photoionization ratios of
Cn

3+ fragments for n=58,56,54,52,50,48 as a function of photon
energy.

FIG. 11. �Color online� Relative cross sections of triple-ionized
fragments Cn

3+ �n=58,56,54,52,50,48� near their appearance en-
ergies. The markings show the appearance energies as labeled in the
figure. The curves for the different fragments are labeled on the
right-hand side of the frame.

TABLE II. Appearance and ionization energies of triply charged
ions and fragments compared to experimental values observed in
previous investigations. n represents the number of carbon atoms in
the ion.

n
This
work �14� �13� �10� �8�

60 39.8�5� 35.6 35.8�3� 35.7 35.6

58 68.6�4� 70.3

56 70�2� 76

54 73�3� 82.2

52 74�2� 90.6

50 74�2� 94.1

48 87�3�

FIG. 12. �Color online� Quadruple-to-single photoionization ra-
tios of C60 and its fragments. The top line shows the quadruple-to-
single ionization ratio of all quadruply charged fragments. The
other data display the ratio for selected masses as indicated in the
figure.

JURANIĆ et al. PHYSICAL REVIEW A 73, 042701 �2006�

042701-6



�19–26 eV�. As described above, we put our cross-section
data on an absolute scale using the 40.8 eV data point given
by Berkowitz �25� in the same manner as in Ref. �6�. The
data shown in Fig. 13 are for the C60 molecule only and not
its fragments, except for the single-ionization cross section,
in which case the fragments were not resolved. The error
bars shown are based only on the statistical errors of our
areas of the C60

+ and Ne+ �or Ar+� peaks. An uncertainty of
less than 10% in the Ne and Ar cross section data �23,24�
contributes to the systematical error.

As Fig. 13 shows, the ion yield for C60
+ rises until about

23 eV due to a plasmon resonance �27�, at which point it
dips down and decreases slowly with increasing energy. The
C60

2+ photoionization cross section rises sharply from its
threshold at 19 eV to a high at 32 eV, where it appears to
level off before it starts to descend at about 62 eV. Above
100 eV it decreases similarly to the C60

+ cross section. We
observe a similar energy dependence with the triple-
photoionization cross section, where a sudden rise of the

cross section starting at 39 eV ends at a hump at around
75 eV, at which point the curve begins to descend. The
quadruple-photoionization cross section is different as it does
not seem to have a marked maximum, nor does it descend as
obviously as the cross sections of the other charge states.
Instead, it rises until around 115 eV, at which point the
photoionization cross section remains almost flat. The error
bars for the quadruple-photoionization data are rather large
near threshold due to extremely low ion yields for the C60

4+

state.

V. CONCLUSION

We undertook a comprehensive study of the photoioniza-
tion and fragmentation of neutral C60 molecules between
18 eV and the K-shell region at 280 eV. We measured the
relative cross sections for all C60–2n

q+ ions �n=0–6 for q
=2,3 and n=0–2 for q=4� with respect to the sum of all
Cm

+ �m=48–60� and derived the partial cross sections for
C60

q+ ions �q=1–4� between 19 and 240 eV. In addition, we
have presented the threshold and appearance energies of the
above-mentioned fragments and ions. Special mention
should be made of the photoionization cross section of C60

4+,
which, to our knowledge, has not been published before,
along with the C58

4+ and C56
4+ fragments. Although the

higher �q=3,4� ionization thresholds do not match with pub-
lished electron-impact data, they qualitatively match with
previously measured photoionization data. Furthermore, our
data bridge the gap in the C60 photoionization data between
130 and 280 eV, qualitatively agreeing with other relative
photoionization cross sections.
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