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Ionization and Fragmentation of C60 via Multiphoton-Multiplasmon Excitation
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We study the intensity dependence of ionization and fragmentation of buckminsterfullerene (C60) in
strong laser fields. Our data provide strong evidence that at intensities&1014 Wycm2 these processes
occur predominantly via multiphoton excitation of the 20 eV plasmon resonance of C60. At least two
plasmons have to be created to initiate fragmentation or multiple ionization. [S0031-9007(96)01124-

PACS numbers: 36.40.Gk, 33.80.Rv, 36.40.Qv
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During the last ten years, a huge amount of wo
has been done in order to understand the physic
fullerenes, in particular, of the highly symmetric buc
minsterfullerene C60. Apart from the intrinsic fascination
of this soccer ball-like molecule, which may also be
garded as a carbon cluster, its well-characterized struc
and electronic properties facilitate obtaining fundamen
insight into the physics of clusters, which form a brid
between free particles and condensed matter. From
point of view, the stability of C60 with respect to ioniza-
tion and fragmentation is of particular interest.

Some rather puzzling facts have been discovered
studies addressing these aspects of fullerenes by,
photoexcitation, electron-impact, and ion-impact exc
tion, including the existence of both direct and delay
ionization [1–5] and fragmentation [6,7] processes. S
eral experiments indicate that fragmentation of C60, which
generally occurs via the loss of one or more C2 segments,
happens only after excitation above a certain thresh
energy. Quite surprisingly, this threshold appears to
much higher than the activation energy for “evaporatio
of individual C2 [6,8–11]. Most of these findings hav
been successfully ascribed to the very large number o
ternal degrees of freedom of the C60 molecule that leads
to a fast diffusion of the excitation energy followed b
statistical, i.e., inefficient, redistribution into ionizing o
fragmenting modes.

In this Letter, we present experimental evidence that
ionization and fragmentation of C60 are not only strongly
influenced by the efficiency of the internal energy trans
following the excitation, but also by the initial excitatio
step. Our experimental data on high-intensity femtos
ond laser excitation indicate that the interaction of C60

with a sufficiently strong electromagnetic field is com
pletely dominated by the “giant” plasmon resonance
its delocalized valence electrons [9,12,13]. Thus, an
ficient energy transfer to the cluster is possible only
discrete steps corresponding to the creation of single p
mons with an energy ofø20 eV. Our results further
indicate that the excitation of at least two plasmons
required to initiate fragmentation or multiple ionizatio
0031-9007y96y77(10)y1966(4)$10.00
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in agreement with data on direct single-photon excitat
of this resonance, where neither fragmentation nor mu
ple ionization was observed [9]. This conclusion provid
a rather natural interpretation of the previously obser
threshold energies for fragmentation. In spite of the
parently indirect ionization and fragmentation mechan
via plasmon excitation, we do not find evidence for s
nificant delayed or sequential fragmentation or ionizati
as often observed in experiments with ns laser pu
[4,5]. These results suggest a strong coupling of the p
mon to ionizing or fragmenting modes.

Our experiments are standard time-of-flight (TO
measurements of the ionic fragments produced in the
teraction of free C60 molecules with high-intensity fem
tosecond laser pulses. A molecular beam of C60 is
produced in a vacuum chamber (background pres
5 3 1028 mbar) by an effusive source consisting of
Ta tube that is filled with purified C60 powder (99.8%,
Hoechst AG) and resistively heated toø600 700 K, as
monitored with a platinum thermoresistance. The o
fice of the oven has a diameter of 0.7 mm, and a w
collimated beam—as monitored by the C60 deposition on
a glass plate—is defined by a 1 mm diameter apertur
a distance of 1 cm. The beam passes between the p
of the TOF setup, where it interacts with laser pulses
are focused by a 50 cm lens outside the vacuum ch
ber. The ions produced in the laser focus are ac
erated by an electric field of typically 0.5 kVycm, pass
the upper plate through a 3 mm diameter aperture
the 30 cm field-free drift region, and are detected b
secondary-electron multiplier. TOF spectra are registe
with a digital oscilloscope and transferred to a perso
computer. High-power laser pulses are obtained from
10 Hz chirped-pulse amplified Ti:sapphire system that
livers 100 fs laser pulses with up to 200 mJ pulse
ergy at a wavelength of 790 nm. Experiments were d
with both the fundamental laser frequency and frequen
doubled pulses obtained by second-harmonic genera
in a 1.5 mm KDP crystal and subsequent frequency se
ration. For the experiments presented here, we used
a small fraction of the available laser energy in a cen
© 1996 The American Physical Society
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part of the beam to improve the homogeneity of the i
mination. The intensity dependence of selected ion yi
is obtained by integrating over the corresponding pea
the TOF spectra and “binning” these data according to
energy of single laser shots, as measured by a calib
photodiode. We estimate the focal intensities from c
bration measurements with noble gases; however, w
this work we do not attempt to establish absolute val
of the laser intensity better than an order of magnitu
All data shown in the following were obtained below t
apparent ionization threshold of Xe, i.e., in an intens
rangeø1013 1014 Wycm2.

Figure 1 depicts typical TOF spectra, which exhi
the well-known distribution of large even-number
fragments [1] that reflects the stability of the cagel
carbon clusters (C2n, n ­ 16, . . . , 30) and—at high inten-
sities, where “catastrophic disintegration” [14] of the C60
occurs—the bimodal pattern of small fragments. T
larger abundance of odd-numbered small fragme
corresponds to the instability of odd-numbered fulleren
which—if formed by multifragmentation of the pare
C60 —are expected to disintegrate further by emiss
of a small odd-numbered fragment. The overall fr
ment size distribution is very similar to that observ
in high-energy collisions with heavy ions, which h
been qualitatively explained by considering individu
bond-breaking probabilities [14]. Alternatively, it can
explained by complete fragmentation of (highly charg
C60 into dimers and trimers and partial reformation
larger clusters [15].

We note that the spectra show no sign of dela
ionization on ams time scale [2]. Although the resolutio
of our TOF spectrometer is not sufficient to distingu
delayed emission of a single C2, as observed in Ref. [7

FIG. 1. Typical TOF spectra after ionization and fragm
tation of C60

1 with near-infrared femtosecond laser puls
All data shown in this Letter were obtained below the app
ent ionization threshold of Xe, i.e., in an estimated inten
range ø1013 1014 Wycm2. Solid line: medium intensity in
this range; dashed line: maximum intensity
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we also conclude that the observed fragmentation does
proceed via consecutive emission of several C2 segments.
This process would lead to a shift between measu
and expected peak positions or at least an asymm
broadening, which is not observed for any of the d
tected ions.

The spectra clearly show multiply charged fragme
C6022m

q1 (with q ­ 2, 3 andm ­ 0, 1, . . . as indicated in
Fig. 1) that form replicas of the singly charged fullere
series at moderate laser intensity. However, while
size distribution of the singly charged fullerenes hard
changes upon increasing the intensity [7], there is a s
toward smaller fragments forq ­ 2 andq ­ 3. Also, the
ratio of fragments to unfragmented C60 gets much larger
for the multiply ionized species and the measured num
of highly charged fragments becomes comparable to
of the singly ionized clusters at high excitation intensity

Figures 2 and 3 present the main results of the pre
Letter, namely, the measured intensity dependence of
ion yield for some of the observed ion species. In Fig
we show the ion yield of C60

1, C60
21, singly charged

large fragments, and triply charged fragments after
citation of C60 with the near-infrared laser pulses. Sin
the size distribution of the C6022m

1 ions does not chang
significantly with the laser intensity and these fragme
appear to result from “direct” (as opposed to sequent

FIG. 2. Intensity dependence of single and double ionizat
of C60 and fragmentation into C6022n

1, n ­ 1, . . . , ø 9. For
better visibility, some of the data have been shifted, as indica
in the legend. Solid lines are fits of the C60

1 and C60
21 data

according to a power law. The photon energy of the excit
laser pulses is 1.56 eV.
1967
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FIG. 3. Same as Fig. 2, but excitation with frequency-doub
laser pulses, i.e., photon energy of 3.1 eV.

fragmentation processes, we show the total integr
yield of all these fragments. This also applies for
threefold ionized ions, where the signal-to-noise ratio
the mass resolution were not sufficient to allow one to
tinguish reliably between individual fragment sizes. W
note that the data points corresponding to the three
ionized particles should be regarded with some caut
since we cannot completely exclude a certain overlap
intermediate-size fragments Cn

1, n $ 16). For illustra-
tion, we also show the yield of single carbon ions wh
mark the onset of a qualitative change in the fragm
tation behavior: a complete destruction of the fullere
structure by creation of a hot carbon plasma associ
with strong x-ray emission, as observed in Ref. [16]. T
effect clearly also leads to a saturation and even
crease of the yield of large fullerene fragments in our
periment. Below saturation, however, the ionization a
fragmentation data can be well described by a power
indicative of a multiphoton process. This is illustrated
the straight lines in the log-log plot that show fits of t
experimental data. While the slope of the C60

1 data cor-
responds to a 13-photon excitation, the C60

21 yield has a
slope of approximately 24, both with an estimated e
of 61. The singly ionized fragments appear at com
rable intensities as doubly ionized C60 and their numbe
increases with the same power of intensity (for clarity,
do not show a fit of these data in Fig. 2), while the yield
threefold ionized fragments increases with an even la
slope [17].
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At first sight it might not appear as particularly su
prising that double ionization of a large molecule
quires about twice as many photons as single ionizat
However, the amount of energy that corresponds to th
numbers–20 and 38 eV (61.57 eV)—is much larger
than the ionization potentials ofE1 ­ 7.6 eV andE2 ­
11.4 eV which have been determined both experiment
and theoretically [9,11,15]. Therefore, the data clea
rule out direct photoionization, i.e., excitation of sing
electrons close above the ionization potential. Given
fact that the overall dielectric response of C60 is com-
pletely dominated by the plasmon resonance centere
20 eV [9,12,13], our data strongly suggest that this c
lective motion of thep electrons can also be excited b
multiphoton processes and that even multiple excitatio
the plasmon resonance is possible at sufficiently high l
intensity. This is further supported by our experimen
data taken with frequency-doubled excitation pulses (
Fig. 3). Again, the intensity dependence of single a
double ionization of C60 can be well fitted by a power law
but with half the slope as in the experiment with 1.57
photon energy, i.e., indicating the same “activation” e
ergy. Also, we find again the same slope and thresh
for fragmentation and double ionization.

Therefore, our results indicate that multiphoton exc
tion of the plasmon resonance of C60 forms the dominant
excitation mechanism in the intensity range covered
our experiments. The strong coupling of the valence e
trons in the fullerene molecule obviously inhibits efficie
single-electron excitation above the ionization potent
As the laser frequency is much smaller than the resona
frequency of thep-electron plasma one might intuitivel
expect barrier-suppression or tunnel ionization to be
dominant ionization mechanism in a strong laser fie
However, the binding potential for thep electrons in
C60 will more resemble a spherical well than a Coulom
potential and, more important, the high electron den
leads to very efficient screening of the laser field ins
the C60. Assuming for simplicity a homogeneous dist
bution of thep electrons over the C60 cluster and an elec
tron temperature of 700 K, the observed plasma freque
corresponds to a Debye length oflD ­ 3.4 3 10210 cm
[18], which is the length scale over which the field of
isolated charge is effectively screened. Since the a
age electron “extension,”n

21y3
e , is 2 orders of magni-

tude larger, even very strong laser fields will hardly
“seen” by the electrons. As a consequence of screen
the interior of the C60 stays field-free, and the height o
the potential barrier for the electrons inside the molec
remains unchanged by the laser field. Therefore, ba
suppression, which accounts for the main features of o
cal field ionization of isolated atoms [19], will not occur
C60. On the other hand, assuming a homogeneous ch
distribution within the C60, the energy gained by the C60

in a quasistatic electric field is simply the field ener
density times the volume of the molecule. For a la
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intensity of5 3 1013 Wycm2 this gives a value of 6 eV.
This number indicates that, at the intensities reached
our experiments, excitation of the plasmon resonance m
still be considered to be in a perturbative regime, justi
ing our interpretation of the experimental data in terms
a multiphoton process.

As we exclusively observe singly ionized C60 in
the low-intensity range of our experiments, our resu
confirm the observation in Ref. [9] that excitation of
single plasmon is not sufficient for multiple ionizatio
or fragmentation of the parent fullerene. This is qu
remarkable, since numerically the plasmon energy
larger than the energy required for double ionization
ionization plus ejection of a C2 molecule. As a qualitative
interpretation, we believe that this result indicates a stro
coupling of the plasmon to single-electron continuu
states, which may lead to fast ejection of one elect
with nonzero kinetic energy. On the other hand, from t
data presented here, we also conclude that (only) after
citation of two or more plasmons fragmentation becom
possible and forms an alternative relaxation channel
the excited fullerene. Competition between coupling
the C60 lattice, as required for efficient fragmentatio
and electron emission may probably explain why multip
ionization of C60 is generally not observed in experimen
using ns laser pulses. In addition, at laser intensit
that are not sufficient to drive the multiphoton-plasm
excitation reported here, ionization can still proceed
sequential excitation of specific molecular states [4
or continuous heating of the molecule. However, the
processes are not expected to lead to efficient mult
ionization because of saturation effects and the stro
electron-lattice coupling, respectively.

In conclusion, we have observed multiphoton excitati
of the plasmon resonance in C60 and find that double
excitation of this resonance is required to fragment
multiply ionize the molecule. We believe that this resu
might also provide a clue to understand the appar
fragmentation and double ionization threshold energ
found in earlier studies on synchroton radiation [8,9
electron-impact [6,11] and ion-impact excitation [1
of fullerenes.
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