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Strong-field excitation and energy redistribution dynamics of C60 fullerenes are studied by means of
time-resolved mass spectrometry in a two-color femtosecond pump-probe setup. Resonant
pre-excitation of the electronic system via the first dipole-allowed HOMO→LUMO+1�t1g�
�HOMO denotes highest occupied molecular orbital and LUMO denotes lowest unoccupied
molecular orbital� transition with ultrashort 25 fs pulses at 399 nm of some 1012 W cm−2 results in
a highly nonequilibrium distribution of excited electrons and vibrational modes in the neutral
species. The subsequent coupling among the electronic and nuclear degrees of freedom is monitored
by probing the system with time-delayed 27 fs pulses at 797 nm of some 1013 W cm−2. Direct
information on the characteristic relaxation time is derived from the analysis of transient singly and
multiply charged parent and fragment ion signals as a function of pump-probe delay and laser pulse
intensity. The observed relaxation times �el�60–400 fs are attributed to different microcanonical
ensembles prepared in the pre-excitation process and correspond to different total energy contents
and energy sharing between electronic and vibrational degrees. The characteristic differences and
trends allow one to extract a consistent picture for the formation dynamics of ions in different charge
states and their fullerenelike fragments and give evidence to collective effects in multiple ionization
such as plasmon-enhanced energy deposition. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3026734�

I. INTRODUCTION

The competition between ionization and fragmentation
of polyatomic molecules interacting with intense ultrashort
laser pulses is a subject of considerable current interest �see,
e.g., Ref. 1�. With its unique highly symmetric structure and
the large number of electronic and nuclear degrees of free-
dom the C60 fullerene has proven to be a particular instruc-
tive model for studying energy deposition, redistribution, and
coupling in a finite many-body system, both experimentally
and theoretically �see Ref. 2, and references therein�.

Of specific interest and controversy is the interplay be-
tween single active electron �SAE� response, which domi-
nates the strong-field interaction with atoms,3,4 and nonadia-
batic multielectron dynamics �NMED� expected in complex
systems.5–10 SAE is assumed to be predominant for very
short pulses as it reflects the simple fact that the fundamental
interaction of photons with a many-electron system is given
by an independent sum of one-electron dipole interactions,
while NMED is mediated by electron correlations which re-
quire, in addition to a sufficient number of electrons, also an
electron-photon interaction time at least comparable to the
electron-electron interaction time which is considered to be
approximately 50–100 fs. Of similar interest is the role of

intermediate electronically excited states in the absorption
process11–13 and efficient coupling of electronic to nuclear
motion.14–19 Related to these “hot topics” in current femto-
second laser-based research on isolated fullerenes is the in-
vestigation of characteristic coupling times for the energy
flow within the electronic system and into nuclear degrees of
freedom. One may speculate that for C60 with its 240 valence
electrons and 174 vibrational degrees of freedom, models
used in metal or semiconductor physics might give some
useful insights into the time scales relevant for energy redis-
tribution in C60: we argue that molecular physics meets solid
state physics when studying strong-field effects induced in
this special hollow semiconductor nanosphere. In classical
Fermi liquid theory �FLT�, electron-electron collision time is
�el� �E−EF�−2, where E−EF is the excess electron energy
above the Fermi level EF. In reality �el depends on the type
of system and its dimensionality. Just to give an idea on the
order of magnitude involved here, we refer to an experimen-
tal 2-photon photoelectron emission study for single walled
carbon nanotubes20 �a system which certainly bears some
resemblance to C60�. There, an empirical relation for the
electron coupling time �el / fs�30��E−EF� /eV+4�−1.5 was
derived, corresponding, e.g., for �E−EF��0.66 eV to 60 fs,
while for E−EF�0.03 eV a relaxation time of �250 fs was
found. However, these models and numbers are certainly not
directly applicable to our present system. We have to keep in
mind that C60 is a large but still finite molecular system with
discrete energy levels and well-defined modes of nuclear mo-
tion. Parameters such as “electron temperature” or “back-
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bone temperature” have to be taken with a grain of salt when
describing the photophysical and photochemical processes
encountered here. In particular, one would rather tend not to
attribute relaxation times �el experimentally observed to
electron-electron coupling exclusively. Rather, highly excited
electrons formed during an intense laser pulse will exchange
energy by the combined action of electron-electron scattering
and electron coupling with the various nuclear degrees of
freedom of the neutral molecule. In a solid state language
one might say that one highly excited electron-hole pair may
create several medium excited ones, all of which may couple
to the nuclear backbone by electron-phonon scattering. In
molecular language this would correspond to internal con-
version �IC� of superexcited states involving vibrational en-
ergy population according to Franck–Condon �FC� factors.

In the past work on the interaction of ultrafast, intense
laser pulses with C60 two key parameters were identified:
laser pulse intensity and laser pulse duration determine the
energetics and dynamics of ionization and fragmentation. Es-
sentially three different ionization regimes can be distin-
guished, which depend sensitively on the excitation time
scale.9,21 For very short pulses �FWHM�70 fs� �FWHM de-
notes full width at half maximum� the excitation energy
tends to remain mainly in the electronic systems and multi-
ply charged C60

q+ ions are observed, formed by direct multi-
photon ionization �MPI�, possibly enhanced by transient,
quasiresonant multiphoton excitation9 of the plasmon
resonance22 between 10 and 28 eV. Relatively few fullerene-
like fragments C60−2m

q+ are generated and detected in typical
mass spectra under these conditions. For longer pulses
�70 fs���picoseconds� the absorbed energy is efficiently
coupled among electronic degrees of freedom, and any fin-
gerprints for a clear SAE ionization mechanism, such as
above threshold ionization �ATI�, disappear.21 For still longer
pulses ���picoseconds�, electron-electron and electron-
phonon couplings lead to substantial excess vibrational en-
ergy in the system, multiply charged ions disappear from the
mass spectra, and massive fragmentation into singly charged
fullerenelike species with m�10, as well as into small frag-
ments Ck

+ with k�27, are observed, resulting in the well
known bimodal mass distribution. In addition, delayed ion-
ization sets in.23

In the present work we report on a systematic two-color
pump-probe mass-spectrometric study of the characteristic
time scales involved in the ionization and fragmentation dy-
namics of C60 fullerenes. The basic idea is to mimic the
effect of elongated pulses by a femtosecond pump-probe ap-
proach with variable time delay between the pulses. The ex-
citation and subsequent relaxation cascade addressed are de-
picted in Fig. 1. A relatively weak first 399 nm pulse deposits
�pumps� energy into the electronic and vibrational system
which leads to a highly excited, nonequilibrium population
of states without significantly ionizing the system. Energy
redistribution, i.e., “cooling” within the electronic system
and coupling this energy into the nuclear degrees of freedom
of the neutral system is then monitored �probed� by a de-
layed 797 nm pulse. Inelastic electron-electron scattering and
electron-phonon coupling are thought to occur on time scales
�el from some tens to some hundreds of femtoseconds.21,24 In

previous studies such information was extracted rather indi-
rectly from pulse duration dependent experiments. In con-
trast, femtosecond pump-probe techniques offer a more di-
rect view into the dynamics with a temporal resolution of
nuclear motion by comparing the time-dependent signals of
parent C60

q+ and fragment C60−2m
q+ ions �transients�. As sche-

matically indicated in Fig. 1, these ions are generated by the
red probe pulse via direct MPI �i.e., immediately� or, respec-
tively, after sequential evaporation of C2 molecules on a time
scale of nanoseconds to several microseconds.

We recall that the wavelength of blue, frequency doubled
Ti:sapphire laser pulses ��400 nm or 3.1 eV� nearly coin-
cides with a first small maximum in the optical absorption
spectrum of neutral C60 which can be attributed to the first
dipole-allowed HOMO�hu�→LUMO+1�t1g� �HOMO de-
notes highest occupied molecular orbital and LUMO denotes
lowest unoccupied molecular orbital� transition.25 �We note
that this value for the excitation energy was also verified in
the theoretical work of Bauer et al.6 on C60 in strong laser
fields, based on a jellium type dynamical model; we mention,
however, that theoretical studies often use slightly different
excitation energies, consistent with the simplified, e.g.,
Hückel-type energy calculations for the t1g orbital.�

It is interesting to note that the population of this mo-
lecular state has also been identified to play a key role in the
excitation of C60 Rydberg states.26 It should be pointed out
that the intensity of the blue pump pulse used throughout this
study �we call it relatively weak� is still many orders of mag-
nitude higher than that typically used in linear absorption
spectroscopy: high enough to deposit several photons quasi
resonantly into the system, but still weak enough to keep
MPI �much smaller cross section� by the blue photons essen-
tially negligible.

The interpretation of the present experimental data has
benefited from recent theoretical work on C60 interaction
with intense, short laser pulses tuned into resonance with this
transition. Using a time-dependent density matrix formalism
Zhang et al.7 studied the interaction for a pulse duration of
10 fs and a laser intensity of 3�1010 W cm−2. Although this
does not exactly match our present experimental conditions,
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e--e- and e--phonon relaxation τel ≤ 60-400 fs

q+C60 (vibrationally hot)

q+
C60 (very high Eint ) +qe-

q+C60-2m + m C2

q+
C60 (low Eint ) +qe-

q+
C60 (low Eint ) +qe-

+ nhνpu

electronic and vibrational thermalization
in the ion (100 fs to several ps)

sequential unimolecular fragmentation
(ns to µs)

+ � hνpr + (�-j) hνpr

C60 (high Eint ) +qe-

di
re
ct
M
PI

di
re
ct
M
PI

FIG. 1. �Color online� Illustration of energy redistribution processes in
laser-excited C60 fullerenes monitored in the present work with two-color
pump-probe spectroscopy �for details see text�.
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the calculations have revealed some interesting general
trends pertinent to the present work. They predict that the
initial electronic configuration of C60 is significantly changed
upon laser irradiation. Even at these low intensities and ex-
tremely short interaction times already two electrons are ex-
cited to the LUMO+1 orbital during the femtosecond laser
pulse. Due to strong coupling between the backbone and the
electronic system, this is associated with an oscillatory ex-
change between electronic and vibrational motion of almost
2 eV. More recently, they also demonstrated efficient
electron-electron correlation upon ultrafast near-resonance
excitation.13

The theoretical work of Laarmann et al.18 combines
time-dependent density functional theory with classical mo-
lecular dynamics �MD� in the so-called nonadiabatic quan-
tum MD approach.27 Intensities up to 6�1013 W cm−2 are
modeled for pulses of 27 fs duration, as in our present ex-
periment. For the highest intensities they found that an en-
ergy equivalent of 160 blue laser photons may be absorbed
during the laser pulse which is stored in about 30 excited
electrons. They found the corresponding electronic energy to
be strongly coupled to the ag�1� vibrational mode, leading to
dramatic oscillation amplitudes: the molecule expands up to
9.4 Å, corresponding to 130% of the equilibrium C60 diam-
eter! The electronic energy acquired by the system is found
to be damped with time constants of �50–150 fs, obviously
due to coupling with various degrees of freedom for elec-
tronic and nuclear motion. It must be pointed out, however,
that this oscillation manifest themselves in our pump-probe
experiment only in spurious wiggles on the main features but
can be amplified in an optimal control experiment when
maximizing the energy deposition into nuclear motion by
judiciously chosen pulse shapes.18 Obviously, the theoretical
model calculations underestimate the dephasing due to
electron-electron and electron-vibrational couplings as a con-

sequence of simplifying the complexities in describing the
interaction between 240 valence electrons and 174 vibra-
tional degrees of freedom.

Finally, a very interesting result of the jellium type cal-
culations by Bauer et al.6 is revealed by Fourier analysis of
the calculated dipole oscillations of the system. It turns out
that after the interaction with an intense laser pulse at 800
nm or 1.56 eV �2-photon resonant� the second harmonics of
the corresponding frequency is the most prominent oscilla-
tion in the system, documenting the dominant role of this
particular LUMO+1�t1g� state in the strong laser field in-
duced excitation process.

Generally speaking, the LUMO+1�t1g� can act as a
“doorway” state28 accessible by a dipole-allowed transition
at �400 nm. Hence, the blue pulse—even if not yet intense
enough to ionize the system—can act very efficiently as a
pump to populate this state and distort the electronic struc-
ture �dynamic Stark effect37� sufficiently to smear out the
vibrational structure and to overcome a crucial bottleneck
beyond which efficient deposition of more photons becomes
easy. Thus, using ultrashort “blue” pulses for quasiresonant
dipole excitation of the t1g orbital and intense “red” pulses
for probing �by ionizing and fragmenting the system� allows
one to investigate the role of intermediate excited states for
energy deposition and redistribution. The present work pro-
vides a systematic study of these processes, monitored by the
transient signals for a range of ionic charge states and
fullerenelike fragment ions.

This paper is organized as follows. In Sec. II we describe
some experimental details of the two-color pump-probe
setup and the time-of-flight mass spectrometer used for time-
resolved ion detection. In Sec. III results are evaluated and
discussed in terms of characteristic time scales, Sec. IV gives
a short summary, and in the Appendix we describe the fitting
procedure used to evaluate the measured transients.
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FIG. 2. �Color online� Mass spectra
�ion yield as a function of mass/charge
ratio �M /q� in u� after C60 interaction
with blue �399 nm, 3.4
�1012 W cm−2� and/or red �797 nm,
5.1�1013 W cm−2� laser pulses. �a�
Only the blue pulse is active; �b�
the red pulse leads, blue follows,
�tbr=−524 fs; �c� blue pulse leads
�pump�, red follows �probe�,
�tbr=29 fs corresponding to maxi-
mum signal; and �d� only the red pulse
is active. Note the break in the ion sig-
nal scale between 0.18 and 0.2
arbitrary units, followed by different
scalings. Similarly the mass scale
is broken between M /q=380 u and
650 u. The small insets for the C60−2m

+

fragments illustrate that these signals
are extremely weak.
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II. EXPERIMENT

The time-resolved mass-spectrometric study is based on
a standard pump-probe scheme making use of a reflectron
time-of-flight �ReTOF� mass spectrometer and a commercial
laser system. The mode-locked Ti:sapphire femtosecond la-
ser consists of an oscillator �Femtosource Scientific PRO,
Femtolasers� pumped by a 5 W Nd:YAG �yttrium aluminum
garnet� laser �Millennia V, Spectra-Physics� and a multipass
amplifier �Femtosource Omega PRO, Femtolasers� pumped
by a 9 W Nd:YLF �yttrium lithium fluoride� laser
�YLF621D, B. M. Industries�. It delivers 797 nm pulses of
t1/2
�r� =27 fs duration with a bandwidth of 45 nm �FWHM� at 1

kHz repetition rate. The laser pulse duration is given here at
FWHM. For convenience of writing, we will also refer to the
1 /e time � of the pulse intensity as described in the Appen-
dix. The maximum available pulse energy is about 800 �J.

The output laser beam is split into two parts �1:4� by a
1 mm beam splitter in order to generate synchronized pulses.
The first part is passed through a motorized translation stage
controlled by a LABVIEW-PC, which sets the time delay be-
tween the pump and probe pulses. The second part is sent
through a telescope to reduce the beam size and to generate
second harmonic radiation in a type-I phase matching non-
linear 	-barium-borate crystal of 100 �m thickness. The
center wavelength of the second harmonic pulses of 25 fs
duration is 399 nm with a spectral bandwidth of 11 nm
�FWHM�. The pulse duration is measured by means of
frequency-resolved optical gating.29 For altering the intensity
of the pump and probe pulses two graded, metallic neutral
density reflection filters �NDS-25C-2, Thorlabs� are used.
The reflectivity of the filter can be changed in the range from
7% to 90%. The Gaussian laser beams are focused with two
separate concave spherical mirrors �blue, f =150 cm and red,
f =100 cm� onto the C60 molecular beam resulting in a beam
waist �radius at 1 /e of the maximum intensity� of 70 and
40 �m, respectively. The focal spot is characterized by
imaging the attenuated laser beams on a charge coupled
device camera. The maximum peak intensity reached in
the experiments is 1.9�1013 W cm−2 for the blue and
7.6�1013 W cm−2 for the red pulses. A dichroic beam split-
ter is placed in front of the vacuum chamber to overlap the
pump and the probe beam in space and to assure collinear
propagation through the interaction region. The laser polar-
ization vectors of both beams are aligned perpendicular with
respect to each other. The dispersion introduced by the thin
�250 �m� entrance window of the apparatus is negligible for
the pulse duration used in these experiments.

The C60 molecular beam is produced by evaporation of
gold grade C60 powder in an oven heated to 775 K. The laser
beams are focused perpendicular to both, the effusive mo-
lecular beam and the spectrometer axis. The ions created in
the intersection volume are extracted by a static electric field
�Wiley–McLaren configuration�, directed by the ReTOF
mass spectrometer onto multichannel plates, and finally
counted after amplification and discrimination by a multi-
scaler card �P7886, FAST ComTec�. A detailed description of
the ReTOF including voltage settings is given in a previous
paper.12 Typically, full mass spectra are accumulated over

5000 laser shots for each time delay �tbr between the blue
and red laser pulses. Examples are given in Figs. 2�a�–2�d�.
The mass resolution is �0.5 u at M /q=700—sufficient to
resolve the isotope distribution of carbon atoms in C60

q+ ions
and their fragments. This is exemplified in Fig. 3, where on
an enlarged mass scale a section of the mass spectra is shown
�doubly charged parent and fragment ions C58

2+ to C52
2+�. As

also documented there, a detailed inspection of the mass
spectra shows that all fullerenelike fragments have a small
satellite peak on their lower M /q side. These so-called meta-
stable peaks �marked by “�”� arise from fragmentation in the
field-free region of the ReTOF during some tens of micro-
seconds.

The mass spectra are taken at varying delay times �tbr

ranging from −530 to 530 fs in step sizes of 6.7 fs. From
these, transient ion signals are derived by integration over
the full area of the individual mass peaks for parent C60

q+ and
fragment C60−2m

q+ ions �including the metastable peaks� of
charge states 1
q
4 �for parents even up to 5�. For posi-
tive �tbr the blue pump pulse leads, the red probe pulse
follows—and vice versa for negative delays. The pump-
probe scans are repeated at least five times in order to
achieve good statistics. “Red only” and “blue only” mass
spectra are recorded before and after each scan. The stability
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FIG. 3. �Color online� Expanded M /q scale for a section of the mass spectra
in Figs. 2�b� and 2�c� illustrating the mass resolution and showing meta-
stable decay �peaks marked by �� into fullerenelike fragments C60−m

2+ . Oth-
erwise as Fig. 2. Note again the break in the ion signal scales and the
different scales. The ion yields for �tbr=29 fs are approximately ten times
larger than for �tbr=−524 fs!
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of the laser pulse energy during the experiment is routinely
monitored with a fast photodiode. Small traces of Xe
�1.0�10−6 mbar� are continuously added to the recipient for
two reasons: �i� to precisely determine zero delay between
pump and probe pulses by measuring the Xe+ cross-
correlation signal via MPI from Xe atoms �its FWHM being
t1/2=45�3 fs� and �ii� to find the optimum spatial overlap
between pump and probe pulses by maximizing the Xe+ ion
yield at zero time delay.

III. RESULTS AND DISCUSSION

Figures 2�b� and 2�c� compare typical mass spectra re-
sulting from the interaction of C60 with the combined blue
and red laser pulses with those obtained from only the blue
�a� or only the red �d� laser pulse. The intensity of the blue
laser pulse is here chosen such that the ion signal is nearly
vanishing: only a very weak C60

+ signal �notice the scale
breaks� is seen in Fig. 2�a�. In contrast, C60 interaction with
only the significantly more intense red laser pulse leads al-
ready to substantial ion signals, dominated by unfragmented
�parent� C60

q+ �q=1−4� ions, as documented in Fig. 2�d�. The
pattern changes significantly when red and blue pulses are
combined. If the red pulse hits the C60 prior to the blue pulse,
the parent signals decrease in favor of the smaller, fullerene-
like fragments down to C44

q+ �for q�2�, i.e., ion fragmenta-
tion is clearly enhanced by the additional blue pulse �cf. Fig.
2�d� with Fig. 2�b��. The most dramatic change in the mass
spectra is detected, however, when the blue �pump� pulse
comes first: all parent ions are significantly enhanced and the
fragment C60−2m

q+ signals increase by a factor of up to 15 �with
m=1–6 clearly visible for 2
q
4�. Note that in all cases
the fragment signals of singly charged C60

+ ions are extremely
weak, as indicated by the small insets �signal multiplied by a
factor of 100�.

To follow the temporal behavior of the transient ion sig-
nals in detail, Fig. 4 shows the parent ion C60

q+ �q=1−4�
signals as a function of time delay �tbr between the 399 nm

pump and 797 nm probe pulse. Figure 5 reports the analo-
gous transients for some selected fullerenelike fragments
C60−2m

3+ �m=2,4 ,6� in comparison with their parent C60
3+. As

already mentioned, the blue only signal �relatively weak
pulse intensity of 3.4�1012 W cm−2� is nearly negligible, as
indicated by the height of the navy-blue long dashed lines.
Only for C60

+ shown in Fig. 4�a� it can be distinguished from
zero for �tbr0. In contrast, the red only signal �pulse in-
tensity of 5.1�1013 W cm−2� is substantial as we have al-
ready seen in the mass spectrum in Fig. 2�d�. We have indi-
cated this in Figs. 4 and 5 by the height of the red long
dashed lines for �tbr�0 marked as Or.

As discussed in Sec. I, quasiresonant excitation of the
doorway state associated with the t1g by the blue pulse leads
to the absorption of several blue photons. Much higher in-
tensities are needed to achieve the same effect by a red laser
pulse only since at this photon energy one can access the
same energetic region only by a �much weaker� 2-photon
process. Consequently, the key observation documented in
Figs. 4 and 5 is a significant enhancement of all ion signals
upon pre-excitation of the neutral C60 molecule by the blue,
quasiresonant laser pulse. The signals reach a maximum at
around 30–70 fs, beyond which they decay with a lifetime of
�60–200 fs to a level still significantly above the red only
signal. For even longer delay times �not shown here� the
parent ion yields stay essentially constant at least up to 10 ps,
while the fullerenelike fragments show a slight tendency to
further decrease with �tbr during this time interval �to not
less than �80% of the signal at 500 fs�. This is in agreement
with our own earlier observations in the context of exciting
Rydberg states26 as well as with lifetime measurements of
C60 at much lower intensities and temperatures in cryogenic
matrices.30

Guided by the process scheme in Fig. 1 we rationalize
the observed transients for the combined action of the weak
blue and strong red pulses by essentially three effects on the
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probe pulse �5.1�1013 W cm−2�. At
positive delay times the blue pulse
comes first, the red follows, while the
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MPI in Xe �see text�, is indicated by
the vertical black dashed line. The
transient ion signals are fitted �full
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tions indicated in the legend and de-
scribed in the Appendix.
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formation dynamics of parent and fullerenelike fragment
ions.

�1� As we have seen, the red probe pulse only can already
create significant ion signals directly out of the neutral
ground state of the system; however, if the blue pulse
follows ��tbr�0�, it reduces the ion signals due to ex-
citation of these ions, thus initiating subsequent ion
fragmentation on the nanosecond and microsecond time
scale �a process differing in significance from ion to
ion�.

�2� Several blue pump pulse photons can be absorbed and
may generate highly excited electrons—which do,
however, not yet ionize. They thermalize rapidly
through inelastic scattering among the electronic de-
grees of freedom and coupling to the nuclear motion on
a time scale �el �the relaxation time of the respective
highly excited neutral parent�; when the red probe pulse
follows the blue ��tbr�0�, the system is ionized from
highly excited states particularly efficiently �larger
transition-dipole moments and/or FC factors�. The ion
yields hence increase dramatically and maximum ion-
ization is found at �tbr�30–70 fs.

�3� With the same time constant �el a thermalized �medium
hot� electron population builds up and can also be ion-
ized by the red probe pulse for �tbr�0. In contrast to
the highly excited state, the ionization probability is
somewhat lower for these medium energy electrons
�still higher though than for direct ionization from the
ground state�. For �tbr�200 fs �up to at least some
picoseconds� the ion signals remain essentially constant
or decrease only very slowly.

Efficient population of the LUMO+1�t1g� doorway state
is obviously a rate limiting step for depositing energy into
the system. A laser pulse of relatively moderate intensity can
initiate multielectron excitation when tuned into resonance,
as first modeled by Zhang and co-workers.7,31 Also, we will
later present some evidence that even immediately after the
pump pulse vibrational energy is already excited: the initial

energy deposition is shared between electronic and nuclear
degrees of freedom. This all dramatically facilitates ioniza-
tion and additional energy deposition by the red probe pulse
which finally leads to a vibrationally hot ionic system that
readily fragments on a nanosecond or microsecond time
scale.

In this context, another interesting quantity to study as a
function of delay time �tbr is the relative abundance of meta-
stable fullerenelike fragments which can be derived from the
metastable peaks indicated by � in Fig. 3. Two examples
which show a particular clear trend are given in Fig. 6. We
have refrained here from a more sophisticated fit. However,
we clearly see a significant drop in the metastable fraction as
�tbr changes from negative to positive, i.e., as the blue pulse
pre-excites the system. This relative decrease in metastable
fragments corresponds to an increase in the temperature of
the system after energy equilibration and hence corroborates
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the conclusion that the relatively weak pre-excitation leads to
an significant increase in the average energy content of the
system.

In the following we focus on the dynamic behavior for
positive time delays �tbr�0, where it is indeed the blue
pulse that selectively excites the electronic system and the
strong red probe pulse causes ionization and fragmentation.
Consequently, the time evolution of the energy redistribution
process in the electronic system of the neutral molecular
system is directly monitored by the recorded ion yields. Ob-
viously, the cross section for subsequent multiphoton absorp-
tion of red probe photons, which finally leads to the observed
distribution of parent and fragment ions, depends sensitively
on the density of the excited “electron-hole plasma” as well
as on the maximum energy available in the system excited by
multiple absorption of blue pump photons.

For a quantitative comparison of the observed transients
we have used a fit-function essentially consisting of three
components corresponding to the effects discussed above,

f��tbr� = Oro��tbr� + Hbrh��tbr� + Mbrm��tbr� . �1�

Here Oro��tbr� describes the red only signal �for �tbr�0�
and what remains of it after interaction with the blue pulse
�for �tbr�0�, Hbrh��tbr� mimics the contribution from
highly excited electrons to the transient ion signal �peaking
at �tbr�30–70 fs�, and Mbrm��tbr� corresponds to thermal-
ized medium energy electrons �remaining constant for
�tbr�200 fs�. The crucial parameters to be discussed are �el

and the ratio Hbr /Mbr.
We find, however, that for �tbr
0 the experimentally

determined transients �as shown in Figs. 4 and 5� can only be
fitted with sufficient accuracy corresponding to the statistics
of the data by also allowing for equivalent processes where
the role of pump and probe pulse is exchanged, i.e., the red
pulse acts as pump and the blue pulse as probe. Even though
these contributions are much weaker compared to those dis-
cussed before, they are statistically significant. Nevertheless,
we refrain from the temptation to interpret additional physics
into the corresponding—somewhat ambivalent—fit param-
eters. Details of the fitting procedure are described in the
Appendix. The six individual contributions are shown
in Figs. 4 and 5 and those from red pump and blue probe
are indeed very small. Note, in particular, that Obo
�−�tbr ,�r ,�r� describing the blue only background and its
modification due to the following red pulse is almost identi-
cal to zero in all cases.

We summarize the results obtained from these fits to the
parent and of fullerenelike fragment ions in Figs. 7 and 8.
Unfortunately, the limited laser pulse intensity and nonlinear
conversion efficiency from red to blue do not allow for much
flexibility in choosing these intensities. Nevertheless, the pa-
rameters derived from two quite different sets of pump and
probe pulse intensities corroborate the observations and
show interesting trends from which important insights into
the dynamics may be gleaned. The first set of measurements
�for which details have been shown in Figs. 2–5� refers to
maximum laser pulse intensities Iblue=3.4�1012 W cm−2

and Ired=5.1�1013 W cm−2. Under these conditions the blue
only signal was practically zero, while the red only signal

was quite substantial, as discussed above. The second set of
parameters was derived for Iblue=6.4�1012 W cm−2 and
Ired=1.3�1013 W cm−2. At these conditions, the blue only
signals were still small but not negligible, while no red only
signals were observed �not shown here�.

For understanding these experimental results we recall
the theoretical model calculations described in Sec. I. Al-
though all of them have some characteristic shortcomings
owing to the complexity of the problem, three undebatable
messages may be extracted: �i� the LUMO+1�t1g� state plays
a key role as doorway state; �ii� following this resonant step,
multielectron dynamics allows for the deposition of substan-
tial additional energy into the system, in the present case by
absorption of several blue photons; �iii� this electronic en-
ergy is strongly coupled to the nuclear motion of the system
and decays on a time scale of some 10 to some 100 fs in
favor of vibrational population by electron-electron and
electron-phonon couplings; �iv� we have to add that on a still
longer time scale �picoseconds� finally intramolecular vibra-
tional energy redistribution among the 174 degrees of free-
dom fully thermalize the system, as indeed indicated by a
slight decay of fragment ion signals, when the system is
probed on the 1–10 ps time scale.

Thus, the clearly most significant parameter that can be
derived from our present measurements is the characteristic
electron relaxation time �el in the neutral C60 precursor mol-
ecules which are ionized by the red probe pulse. The results
are summarized in Fig. 7 for the various parent and fragment
ions of different charge states. The dotted line represents
previous, independent determinations of �el: Campbell and
co-workers21,24 estimated about 70 fs from the disappearance
of the structure in the ATI spectra associated with the C60
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values of �el derived from the transients of different photoions C60

q+ and
fullerenelike fragments C60−2m

q+ refer to the respective neutral precursor
molecules.

204308-7 Ultrafast energy redistribution in C60 fullerenes J. Chem. Phys. 129, 204308 �2008�

Downloaded 11 Dec 2009 to 131.169.95.148. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



formation, while we recently9 obtained �el�50 fs in a one-
color pump-probe experiment with extremely short, intense
red pulses �FWHM=9 fs, 7.9�1013 W cm−2� detecting C60

+ .
Obviously, the measurements do not refer to exactly identical
conditions but still agree rather well.

To understand the trends documented in Fig. 7 we refer
to the relation between excess electron energy and electron-
electron collision time in the FLT model as well as to the
empirical numbers for single walled carbon nanotubes,
briefly discussed in Sec. I. Although certainly not directly
applicable to free C60 molecules, we expect that the general
trend found there should also hold for our relaxation time �el:
the higher the excess electron energy, the faster the relax-
ation of very highly excited electrons. Equivalently, in a mo-
lecular picture one would argue that IC occurs with the high-
est rate for highly excited states where the density of
acceptor states is largest.

In order to connect this general wisdom with the ob-
served trends shown in Fig. 7, we have to remember some
important facts about ionization and fragmentation of a large
finite system such as C60.

• While ionization occurs instantly after absorption of an
appropriate number of probe photons, large fullerene
fragments are generated from hot C60

q+ by sequential
evaporation of C2 units on a time scale of nanoseconds
to microseconds, i.e., a very long time after blue and red
femtosecond-laser pulses have interacted with the sys-
tem. The fragmentation patterns are just a signature of
the internal energy deposition and redistribution initi-
ated by the femtosecond-laser pulses. We could say that
the fragmentation acts as thermometer for the primary
process which ends after some picoseconds.

• The total energy needed to generate the different parent
and fragment ions differs vastly;32,33 e.g., for simply
ionizing C60 molecules by red laser pulses one needs, in
principle, only 5 photons �7.56 eV� �with a probability
for direct MPI depending on the fifth power of the red
photon intensity�; in contrast, in order to allow a
fullerenelike fragment such as C48

4+ to be formed, at least
60 eV are required for ionization plus 60–70 eV for
fragmentation �10–12 eV for each C2 dissociation� and
in addition an excess energy of about 30 eV, the so-
called kinetic shift �see, e.g., Refs. 34 and 35�, has to be
deposited to observe the fragments on the time scale of
nanoseconds to microseconds accessed by the mass
spectrometer.38 Thus, in total at least 150–160 eV inter-
nal energy is needed to observe C48

4+ which amounts to
about 100 red photons being absorbed in the red only
experiment. As our results document, this absorption
process is apparently strongly enhanced by the resonant
blue pulse pre-excitation, which prepares the neutral
C60 molecules in a especially favorable state �from
which absorption of many red photons into highly ex-
cited vibrational states of the ions may proceed�.

• The thus prepared sample of excited neutral C60 mol-
ecules consists of a multitude of microcanonical en-
sembles with different total energies which initially are
not in thermal equilibrium. This is not only due to the
fact that the target itself is prepared in a thermal energy
distribution �effusive molecular beam at several 100 K�
with a broad range of absorption cross sections �see,
e.g., the failure to excite Rydberg states from cold in
contrast to hot C60 molecules as reported in Ref. 26�. In
addition multiphoton absorption generally will lead to a
multitude of excited states with different total energies
�e.g., in the Poisson distribution corresponding to a dif-
ferent number of absorbed photons� and due to different
energy sharing between electronic and vibrational en-
ergy characterized by the respective FC factors.

Each of these microcanonical ensembles will have a spe-
cific characteristic relaxation time �el and a particular prefer-
ence to finally end as a specific product, such as a parent C60

q+

or a fullerenelike fragment ion C60−2m
q+ . This is precisely what

we see in Fig. 7. We consider the relaxation parameter �el to
reflect the thermalization of electrons in the different micro-
canonical ensembles by electron-electron and electron-
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phonon scatterings. Fast relaxation then corresponds to a
high excess electron energy, while slower relaxation times
indicate lower electron energies.

Several trends may be identified: �i� the higher the pump
pulse intensity and �ii� the higher the detected charge state of
parent ions C60

q+ ,q=1–5, the faster is the relaxation process.
The lowest value observed here39 is �el�60 fs for C60

3+ with
Iblue=6.4�1012 W cm−2, Ired=1.3�1013 W cm−2. �iii� Frag-
ments with an increasing number of evaporated C2 units
originate from microcanonical ensembles with increasing �el,
i.e., from those with the smallest amount of excess electron
energy. This trend is significantly less pronounced for the
higher pump pulse intensity and higher charge states, i.e., for
higher initial energy deposition. �iv� Singly charged
fragments—if detected at all—originate from microcanonical
ensembles with particularly long thermalization times. The
longest relaxation time �el�400 fs is observed for C54

+ .
We remember that nearly no such fragments were seen in
the mass in spectra Fig. 2 recorded with Iblue=3.4
�1012 W cm−2. At higher blue pump intensity they are just
barely detectable. As a general trend, Fig. 7 documents that
higher charge state fragments arise from precursor ensembles
with slightly faster relaxation times. From all these observa-
tions a consistent qualitative picture emerges.

As a consequence of resonantly exciting the doorway
state accompanied by level broadening and potential defor-
mation, a wide variety of transitions become possible be-
tween the different electronic states �including those above
the one associated with LUMO+1 and those below the
HOMO state�. These transitions occur on potential surfaces
not directly accessible from the undisturbed ground state and
lead to a multitude of microcanonical ensembles with differ-
ent total energies �due to thermal initial conditions and dif-
ferent numbers of absorbed photons� and with a large mani-
fold of differently shared electronic and vibrational energies.
Due to the complexity of the multidimensional potential hy-
persurfaces and their landscape of FC factors this may even
hold if only one or two additional blue photons are absorbed
after the doorway state has been reached.

The detection process will enhance this trend: vibra-
tionally pre-excited ensembles will have enhanced absorp-
tions cross sections for the red photons, thus resulting in a
population of ionic states with high vibrational excitation.
Obviously the formation of parent ions �with charge q� re-
quires precursors with as little vibrational energy as
possible—otherwise the probability for enhanced vibrational
excitation is large and the ensemble will lead predominantly
to fragments. Now, those ensembles with the lowest vibra-
tional excitation correspond to the highest electronic excita-
tion and thus to the fastest relaxation: hence, �el is smallest
for the parent ion. Also, those precursors with the highest
electronic pre-excitation will lead to the highest charge
states: the probability to reach the plasmon state is expected
to be higher, the higher the pre-excitation.

Clearly, by the same argument we can explain the in-
creasing relaxation time leading to smaller fragments: the
corresponding precursor ensembles are born with increasing
vibrationally excitation, hence with decreasing electronic ex-
citation and thus have longer relaxation times. The trend

when the blue pulse intensity is changed just emphasizes
these observations: higher blue intensity corresponds to more
electronic at the cost of vibrational excitation, hence faster
relaxation of the precursor ensemble.

Finally, the long standing puzzle why so few singly
charged fullerenelike fragments are seen finds now a plau-
sible explanation: the very long relaxation times observed
here tells us that the precursor has a particularly low elec-
tronic energy. Hence, the probability for accessing the
�highly excited electronic� plasmon state by the red probe
photon is particularly low. All other neutral ensembles with
some excess electronic energy content just have a very high
chance to be transferred through the plasmon state into mul-
tiply charged ions. Hence the low abundance of C60−2m

+ frag-
ments: while vibrationally unexcited neutral C60 can be ion-
ized directly by the red photon in a 5-photon process,
molecules vibrationally pre-excited tend to end as multiply
charged fragments—except for the very small number of en-
sembles which have high vibrational but nearly no electronic
excitation.

The picture of the ionization and fragmentation pro-
cesses thus developed is further corroborated by comparing
also the ion yield parameters derived from the measured
pump-probe transient ion signals. In Fig. 8 the relative im-
portance of the signal enhancement due highly excited �Hbr�
and medium energy electrons �Mbr� is documented. For ease
of comparison we show in Fig. 8�a� their ratio to the red only
signal �Or�. The ratio Hbr /Mbr is presented in Fig. 8�b�. For
the more intense blue pump pulse �weaker red probe pulse�,
only this ratio can be given since the red only signal vanishes
in this case. �Note that Hbr also determines the maximum
signal at 30–70 fs time delay in Figs. 4 and 5.�

A clear message emerges. According to Fig. 8�a� the
higher the precursor excitation is �leading to higher charge
states and to more fragmentation�, the more pronounced the
enhancement of ionization and fragmentation by blue pre-
excitation in comparison to the red only signal also is: highly
excited microcanonical ensembles obviously have a larger
ionization cross section �involving possibly also higher FC
factors� which enhances both fragments and parents.

Figure 8�b� shows the relative magnitude Hbr /Mbr of the
relaxation, which is obviously higher if the initial energy and
density of the excited electrons is higher, i.e., for the more
intense blue pulse. If the electron energy after relaxation is
essentially the same in both cases, this is immediately evi-
dent. Fragments arise again from those ensembles with a
high average vibrational energy; thus there is less electronic
excitation density to relax and the ratio Hbr /Mbr naturally
becomes smaller. This supports our conclusion that fragmen-
tation originates from species which are vibrationally excited
but electronically rather cold. Hence, this amplitude ratio
drops as more and more C2 units can evaporate since they
belong to an initially higher vibrational energy content.

IV. CONCLUSION

Strong-field excitation and energy redistribution dynam-
ics in C60 fullerenes has been studied by time-resolved mass
spectrometry in a two-color femtosecond pump-probe setup.
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The role of intermediate excited states as rate limiting step
for energy deposition, as well as for electron-electron and
electron-vibrational relaxation in the molecular response,
was addressed by resonant pre-excitation of the electronic
system with 399 nm radiation via the first dipole-allowed
LUMO+1�t1g� state, the doorway state. Several photons may
be deposited into the system during the interaction with the
ultrashort blue pulses of 25 fs at an intensity of
3.1�1012 W cm−2. This results—prior to ionization—in a
highly nonequilibrium distribution of states with high inter-
nal energy, shared among electronic and nuclear degrees of
freedom. Characteristic coupling times for energetic relax-
ation of electrons are derived by probing the initially neutral
many-body system with delayed 27 fs pulses at 797 nm with
5.1�1013 W cm−2.

Detailed information on the relaxation process is derived
from the analysis of singly and multiply charged parent and
fullerenelike fragment ion transients formed by the red probe
pulse as function of pump-probe delay and pulse intensities.
Three different trends were identified, characterized, and re-
lated to previous findings. �i� Electron relaxation times in the
neutral precursor decrease with increasing charge state q of
the eventually detected C60

q+ �q=1–5�. The lowest coupling
time is observed for C60

3+ with �el�60 fs �with a clear trend
toward even shorter times for higher charge states�. �ii� Frag-
ments that have evaporated the largest number of C2 units
arise from pre-excited species showing the slowest electronic
thermalization. These fullerenes are vibrationally hot but
electronically rather cold. �iii� Electronic relaxation times
observed in the fragment channels C60−2m

q+ increase with de-
creasing charge states and with increasing number of C2

losses. This corresponds to more and more vibrational exci-
tation at the cost of electronic excitation energy. The longest
relaxation times �400 fs are observed in the singly charged
fragment ion channel. C60−2m

+ can apparently only be formed
when the electron energy is particularly low—thus avoiding
multiple ionization via quasiresonant MPI through the plas-
mon resonance.

This also solves the long standing puzzle why only spu-
rious amounts of singly charged fullerenelike fragment ions
are observed in mass spectra created by very fast laser
pulses: the particularly low electronic excitation, combined
with substantial vibrational excitation as intermediate neutral
precursor required for the formation of C60−2m

+ , occurs only
with a very low probability. Ensembles with higher elec-
tronic pre-excitation are much more abundant and lead to
multiply charged ions by MPI via the plasmon resonance. On
the other hand, C60 in its neutral ground state is readily ion-
ized by 5-photon MPI without internal vibrational excitation
�due to favorable FC factors� and can be detected with sig-
nificant probability as parent C60

+ ions.
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APPENDIX: FITTING PROCEDURE

Without claiming to provide an exact description of the
rather complex processes occurring under the combined ac-
tion of the blue pump and red probe pulses, we rationalize
the observations according to the scheme in Fig. 1 by essen-
tially three contributions to the measured ion signals �parents
as well as large fragment ions� as described in Sec. III. They
are represented by three components of an overall fitting
function.

�1� The first contribution Oro��tbr� describes the “red only
signal” Or and its reduction to a fraction, say, �b due to
the blue pulse if it follows the red pulse, i.e., for �tbr

�0. While the parameter Or can be measured directly
�see Fig. 2�d��, the signal reduction �b has to be ex-
tracted from the fitting procedure. Assuming Gaussian
laser pulses

exp�− �t/��2� with � � 0.6 FWHM, �A1�

we expect that for �tbr�0 �red follows blue� the reduc-
tion is “switched off” with the time constant �=�b of
the blue laser pulse. We take this into account by the
function

o��tbr,�b,�b� =
1

2
�1 − �b�erf��tbr

�b
� +

1

2
�1 + �b� , �A2�

which rises smoothly from �b to 1 when the delay time
�tbr passes through zero.

�2� The second contribution Hbrh��tbr� to the ion signal
arises from the “highly excited” �neutral� electron dis-
tribution which builds up on the time scale �b of the
blue pump pulse and decays with the electron relax-
ation time constant �el of the respective neutral parents.
This signal is taken proportional to a convolution of the
pump pulse with an exponential decay function

h��tbr,�b,�el� =
1

2
exp�−

�tbr

�el
+ 	 �b

2�el

2�

�	1 + erf��tbr

�b
−

�b

2�el
�
 , �A3�

which rises quickly from 0 �with time constant �b� to a
maximum �up to 1 if �b�el� and decays again �with
time constant �el�.

�3� The third contribution Mbrm��tbr� arises from the
“thermalized”�neutral� electron distribution which
builds up with the same time constant �el. This signal
will follow a convolution of the Gaussian pump pulse
with a corresponding exponential rise function given by

m��tbr,�b,�el� =
1

2
	1 + erf��tbr

�b
� − h��tbr,�b,�el�
 ,

�A4�

which starts from 0 at negative delay times �tbr−�b

and reaches 1 for �tbr��el.

Finally, we have to take account of the fact that the blue
and red pulses act as pump and probe, respectively, only for
�tbr�0. In contrast, for negative delay times �tbr�0, the
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inverse may be of some importance: i.e., the red pulse can, in
principle, act as pump, the blue as probe. Even though these
contributions are smaller, it turns out that they are needed for
an optimal fit of our data. By replacing in the above func-
tions �tbr→−�tbr as well as the blue pulse time constant by
that of the red pulse, �b→�r, this can be taken into account.
Also, the electron relaxation time constants may differ de-
pending on whether blue or red pulses are used as pump.
They are denoted by �el and �el

� , respectively. Thus, when
taking account of all these effects, the overall fitting function
can be written as

f��tbr� = Oro��tbr,�b,�b� + Obo�− �tbr,�r,�r�

+ Hbrh��tbr,�b,�el� + Hrbh�− �tbr,�r,�el
� �

+ Mbrm��tbr,�b,�el� + Mrbm�− �tbr,�r,�el
� � ,

�A5�

where the fitting parameters �b, Hbr, and Mbr determine the
three contributions for blue pump and red probe, while �r,
Hrb, and Mrb determine the corresponding signals for red
pump and blue probe. Here �b and �r are the Gaussian pulse
durations according to Eq. �A1� of the blue and red pulses,
respectively, while Ob and Or are the experimentally deter-
mined signals produced by the blue and red pulses only and
Ob�1−�r� and Or�1−�b� describe the ion reduction due to the
action of the red probe pulse and the blue probe pulse, re-
spectively. Thus, the contributions h��tbr ,�b ,�el� and
m��tbr ,�b ,�el� essentially describe the dynamics at positive
delays times, while h�−�tbr ,�r ,�el

� � and m�−�tbrt ,�r ,�el
� � cor-

respond to negative delays. According to Eq. �A1� laser pulse
durations of �b=0.6�25 fs and �r=0.6�27 fs are used for
the blue and red pulses, respectively. The quantities Hbr, Mbr,
Hrb, Mrb, �el, and �el

� , as well as �b and �r are fitted to the
experimental data.

One may question the use of the FWHM of the indi-
vidual pump laser pulses �25 and 27 fs for blue and red,
respectively� as critical laser time constant rather than the
cross-correlation time. We argue that the probe process is an
n-photon process �with n�1� and hence will lead only to a
small broadening of the pump pulse duration. We find indeed
the best fits with this assumption and include these uncertain-
ties into the estimated error bars of the parameters extracted.

It should be pointed out that the fitting procedure de-
scribed here is, of course, by no means unique. It does not
claim to give a realistic image of the very complex energy
redistribution processes in the different microcanonical en-
sembles of C60 prepared by the pump pulse and the detection
mechanism through the probe pulse. However, it rationalizes
the experimentally observed transient data in a schematic
overall manner according to the process scheme discussed in
Sec. I and allows us to extract and compare quantitatively
some characteristic parameters for different charge states and
fragments as well as for different pump/probe conditions.

As it turns out, �el
� is found to be very similar to �el both

in magnitude and trends but is determined with much less
accuracy. Also, Ob and �r are essentially zero and Hrb as well
as Mrb are significantly smaller than Hbr and Mbr, respec-
tively. Consequently, our discussion on the physics to be

gleaned from these data focuses essentially on two quantities
derived for �tbr�0 �i.e., for blue pump and red probe
pulses�: on the relaxation time �el and on the relative contri-
bution from highly excited and thermalized, medium energy
electrons, specifically on Hbr /Mbr.
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