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3 Free University of Berlin, Department of Physics, Arnimallee 14, 14195 Berlin, Germany

Received 23 March 2005 / Received in final form 29 July 2005
Published online 25 October 2005 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2005

Abstract. The electron and nuclear dynamics of C60 fullerenes irradiated with femtosecond laser pulses
are investigated with photoelectron and photoion spectroscopy. The focus of this work is the detailed
exploration of the population mechanism of Rydberg levels within the excitation process of neutral C60.
The effect of excitation wavelength, intensity, chirp, and polarization on the kinetic energy distribution of
photoelectrons in single-pulse experiments gives first insight into the underlying processes. In combination
with time-resolved two-color pump-probe spectroscopy depending on either pump, or probe pulse intensity,
a more complete picture of the interaction can be drawn. The results point towards a very interesting but
nevertheless complex behavior including four steps: (i) non-adiabatic multielectron excitation of the HOMO
(hu) → LUMO+1 (t1g) transition; (ii) thermalization within the hot electron cloud on a time scale below
100 fs, followed by a coupling of energy to vibrational modes of the molecule via doorway state(s); (iii)
population of electronically excited Rydberg states by multiphoton absorption, and (iv) single photon
ionization from the excited Rydberg states. This excitation process results in a characteristic sequence of
photoelectron lines in the photoemission spectra. The comparison of the experimental results with recent
theoretical work gives convincing evidence that non-adiabatic multielectron dynamics (NMED) plays a key
role for the understanding of the response of C60 to short-pulse laser radiation.

PACS. 36.40.-c Atomic and molecular clusters – 33.60.-q Photoelectron spectra – 33.80.Rv Multiphoton
ionization and excitation to highly excited states (e.g., Rydberg states) – 61.48.+c Fullerenes and
fullerene-related materials

1 Introduction

Optical control of molecular processes using intense fem-
tosecond (fs) lasers is one of the hot topics in modern
laser science [1]. One aims at manipulating potential en-
ergy surfaces to force the molecular system into specific
reaction pathways. For instance, the possibility for selec-
tive bond dissociation and rearrangement in polyatomic
molecules has recently been demonstrated [2]. This opens
the door to new, exciting avenues in photochemistry with
interesting potential applications in biology or medicine
— keeping in mind that large molecules mediate funda-
mental processes in living organisms.

The feasibility of such experiments depends on a de-
tailed knowledge of the fundamental processes initiated
when focusing intense, short laser light pulses onto large
finite molecules. In this context, the C60 fullerene can be
regarded as an ideal model system for the investigation
of strong-field phenomena in molecules with extended π
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electron systems. Due to the high symmetry, C60 with its
240 valence electrons can still be handled by theory [3,4]
which in turn triggers detailed experimental studies and
vice versa. The exploration of the electronic and nuclear
dynamics in C60 has a long history. One astonishing early
observation was the delayed ionization on a microsec-
ond time scale upon irradiation with nanosecond laser
pulses [5]. This has been explained by thermionic electron
emission from vibrationally excited C60 fullerenes. Strong
electron-phonon coupling leads to efficient heating of the
nuclear motion during nanosecond laser excitation, and
the subsequent ionization in turn is one important energy
relaxation (cooling) channel [6]. It has been found that
the ionization behavior depends sensitively on the excita-
tion time scale, i.e. on the laser pulse duration τ [7]. The
subject has recently been reviewed [8]. Hence we sum-
marize here only some key aspects. For pulse durations
above 1 ps one observes a characteristic bimodal fragmen-
tation pattern of heavy fullerenes C60−2m separated by
C2 units ranging down to 60 − 2m � 32 and a series of
small carbon clusters Cn below n ≤ 28. In contrast, for
pulse durations below 500 fs the excitation energy tends to
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remain in the electronic system (the electron-phonon cou-
pling time being � 250 fs), and multiply charged clusters
are observed. Thermalization within the electronic system
due to electron-electron scattering occurs on a time-scale
of about 100 fs and ionization due to statistical electron
emission after equilibration among the electronic degrees
of freedom may be observed [9]. Direct multiphoton ioniza-
tion dominates for very short laser pulses τ < 70 fs [10]. As
a fingerprint of the multiphoton process the photoelectron
spectra of C60 exhibit a characteristic above threshold ion-
ization (ATI) structure [7] in which the active electron ab-
sorbs more laser photons than necessary to overcome the
ionization potential. This results in a kinetic energy distri-
bution of photoelectrons, which exhibits a series of equally
spaced maxima separated by the photon energy hν, as well
known from atomic systems [11]. In addition, sharp peaks
were discovered in the photoelectron spectra of C60 on
top of the ATI series and the thermal electron contribu-
tion [12]. By solving the Schrödinger equation for a single
active electron in a jellium-like potential [13], this struc-
ture could be clearly assigned to the population of several
Rydberg series, which are then further ionized within the
same laser pulse.

The observation of Rydberg peaks in the photo-
electron spectra of C60 seems to be a clear signature of the
“single active electron” (SAE) picture. Such quasi-static
SAE description has been used traditionally to describe
the ionization of atoms in strong laser fields [14–16]. It
is bound to fail when dealing with large molecules ex-
posed to intense laser pulses. This is particularly true for
C60 with its large number of 60 delocalized π electrons.
Recent theoretical investigation on laser-induced ultrafast
dynamics in isolated C60 reveal that even at relatively
low laser intensities on the order of 5× 1010 W/cm2 many
(“active”) electrons (MAE) are excited during a typical
fs-laser pulse [3,4]. This points towards a more complex
electronic and nuclear response of C60 exposed to strong
laser fields which is governed by nonadiabatic multielec-
tron dynamics (NMED) [17,18], as compared to the rather
simple SAE approach.

In a recent note we communicated first results from a
two-color pump-probe study, giving convincing evidence
that the MAE/NMED picture is the key to understand
the energetics and ultrafast dynamics of C60 in optical fs-
laser fields, specifically the population mechanism of the
Rydberg series [19]. Multielectron excitation comes into
play through the t1g electronic state (LUMO+1), which
was identified as the doorway state to the excited state
manifold. The important role of vibrational coupling to
the initially excited state was verified by controlling the
vibrational energy, respectively the temperature of the C60

fullerene. In the present paper we give a full account of this
work, including additional experimental results, such as
the effect of wavelength variation, intensity, polarization
and positive, respectively negative chirp on the excitation
dynamics of Rydberg states.

The paper is organized in the following way. In Sec-
tion 2, we describe the experimental setup for the investi-
gation of “hot” and “cold” fullerenes with single pulse or
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Fig. 1. Schematic of the experimental apparatus to record
time-of-flight (TOF) photoelectron and photoion spectra of
“hot” and “cold” C60 molecules upon laser irradiation. For
details, see the text.

pump-probe photoelectron and photoion spectroscopy. In
Section 3, the experimental data are presented. We first
discuss the results obtained from single pulse experiments
(Sect. 3.1). The second part focuses on results of two-color
pump-probe spectroscopy (Sect. 3.2). This technique re-
veals detailed information on the ultrafast excitation dy-
namics, especially on nonadiabatic multielectron effects.
In Section 3.3, photoelectron spectra of “hot” (770K) and
“cold” (80K) C60 are presented. The comparison gives
evidence for enhanced coupling of electronically excited
states to nuclear vibrations in the hot system, i.e. the
population of Rydberg states is affected by the phonon
population density.

2 Experiment

Depending on the experimental requirements in terms of
intensity, wavelength, spectral and temporal resolution,
different laser sources were used for the measurements,
all based on Ti:sapphire regenerative amplifier laser sys-
tems with 1 kHz repetition rate. An overview of the exper-
imental setup is depicted in Figure 1. The Gaussian laser
beams were focused onto the molecular beam produced
either from heated gold grade C60 powder at a temper-
ature of 770K (“hot source”) or in an aggregation cell,
cooled by liquid nitrogen and using helium as the car-
rier gas. The “cold source” prepares molecules at a low
temperature of approximately 80K [20]. Special care was
taken when using the cold source to avoid the production
of (C60)n clusters by condensation of fullerene molecules.
To this effect the temperature of the fullerene oven within
the cold source and hence the C60 density in the gas phase
was kept low enough so that no (C60)+n ions were observed
in the mass spectra.

The intensity of the laser beam in the focus was cal-
ibrated by a standard knife-edge method, as well as by
using the known laser intensity dependence of multipho-
ton ionization of Xe atoms [21,22]. Both hot and cold
fullerene beam source were mounted perpendicular to the
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Table 1. Basic settings and distances of the time-of-flight
(TOF) detector for ion detection.

region distance voltage applied
[mm] [V]

N2–N3 (extraction) 20 2470–2085
N3–N4 (acceleration) 60 2085–0
N4–R1 (field-free drift) 1530 0
R1–R2 (brake path) 26 0–1670
R2–R3 (reflection) 234 1670–2800
R1–MCP (field-free drift) 1086 0

laser beam path. The photoelectrons and ions generated
at the intersection volume were detected using time-of-
flight (TOF) spectrometers equipped with multi-channel
plates (MCP) and counted using FAST multi-scalar cards.
The ion detection axis is perpendicular to the laser and
to the hot or cold C60 molecular beam, respectively. Un-
less specified explicitly in the text, the laser polarization
vector was aligned parallel to the ion detection axis.

The positive ions are extracted with a static electric
field. The ion optics in a reflectron Wiley-McLaren con-
figuration assures time and spatial focusing. This results
in a mass resolution of m/∆m � 2900, hence enabling iso-
tope identification in C60. The basic settings and distances
of the reflectron TOF are given in Table 1. Photoelectrons
are detected without extraction field. They reach the de-
tector in the direction opposite to the ion path through
a field-free TOF drift tube of 450mm length. The total
distance between the laser focus and the electron MCP
is 470mm. The drift tube is double µ-metal shielded, in
order to reduce the influence of stray magnetic fields on
the flight path of the electrons. The inner surface is coated
with graphite to avoid charging effects. The resolution of
the electron TOF spectrometer ranges from 5meV at a
kinetic energy Eel = 1 eV to 400meV at Eel = 20 eV.
We mention that electrons with energies below 0.25 eV
are not detected due to the temporal cutoff of the TOF
and intensities slightly above that value cannot directly be
compared with the remaining spectrum. We also note that
with the present setup it is not possible to detect electrons
and ions simultaneously. However, the apparatus allows
fast switching between different detection modes and C60

molecular beam parameters, such as vibrational temper-
ature, without breaking the vacuum. This assures almost
identical excitation conditions in different measurements.
Photoelectron and photoion spectra are averaged typically
over 5000 to 20000 laser pulses using a standard PC pro-
grammed with LabVIEW.

3 Results and discussion

3.1 Single-pulse spectroscopy

Our experimental observations of pronounced sharp struc-
tures in the photoelectron spectra of C60 on top of the
ATI-peaks and a broad thermal electron background [12]
warrants further discussion. The structure is most clearly
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Fig. 2. Comparison of photoelectrons from C60 molecules ir-
radiated with laser pulses at λ = 800 nm, a pulse duration of
τ = 1.5 ps, and a negative chirp (solid line: blue leads, red fol-
lows) or alternatively a positive chirp (dashed line: red leads,
blue follows). The observed energy shift is on the order of the
laser bandwidth ∆E = 10 meV.

observed with a laser pulse duration of 1.5 ps at 800nm
wavelength with intensities on the order of 1012 W/cm2.
A typical example is shown in Figure 3a. Ionization from
these electronically excited states occurs via single photon
absorption within the same laser pulse. This leads to the
characteristic sequence of distinct lines in the photoelec-
tron spectra.

This interpretation is corroborated by an analysis of
the photoelectron spectra obtained with different linearly
chirped laser pulses. Figure 2 shows the effect of positively
and negatively chirped pulses at 800 nm on the positions
of several Rydberg peaks. The chirp was simply induced
by detuning the compressor grating from its optimal po-
sition which, in addition, stretches the pulses from 180 fs
to 1.5 ps. It is evident from Figure 2 that the position of
the Rydberg peaks depends on the chirp while the inten-
sity of the peaks is not affected. For negatively chirped
pulses, where the red spectral components are delayed,
the Rydberg peaks are shifted to lower kinetic energies
as compared to the peak positions measured with positive
chirped pulses, where the order of the spectral components
is reversed. The observed shift of the peaks corresponds
approximately to the laser bandwidth of ∆E = 10meV.
This result can be explained if one assumes that the ex-
citation of Rydberg states occurs mainly during the first
part of the laser pulse while the ionization takes place to-
wards the end of the pulse. This gives rise to the observed
energy shift on the order of the laser bandwidth and jus-
tifies the assumption that the Rydberg states are excited
and ionized during the same laser pulse.

A detailed analysis of the kinetic energy distribution of
the photoelectrons in connection with a quantum mechan-
ical calculation has allowed to identify the Rydberg levels
excited [12]. The binding energies of the Rydberg states
in C60 were derived by solving the radial Schrödinger
equation for a single electron bound in a C+

60 potential
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Table 2. Experimental binding energies (in eV) and the ef-
fective principal quantum number n∗ derived from the simple
Rydberg formula E = R/(n∗)2. Also shown is the assignment
n� resulting from the solution of the radial Schrödinger equa-
tion reproduced from reference [12]. The most right column
gives the quantum defects δ as derived from the calculation.

exp. value n∗ n′� (nodes) n� calc. δ
1.01(5) 3.67(9) 3h 8h 4.46
0.88(8) 3.9(2) 4g 8g 4.00
0.76(5) 4.23(15) 5d 7d 2.96
0.73(2) 4.31(6) ? ?
0.67(8) 4.5(3) 5f 8f 3.50
0.61(2) 4.72(8) 6p 7p 2.42
0.57(2) 4.88(9) 4h 9h 4.10
0.54(2) 5.01(10) 6d 8d 2.94
0.50(2) 5.22(10) 3i, 5g 9i, 9g 3.74
0.46(2) 5.43(12) 6f 9f 3.45
0.41(2) 5.76(15) 2j 9j 3.13

0.375(15) 6.02(12) 5h 10h 4.00
0.317(15) 6.55(16) 7f 10f 3.42
0.292(10) 6.82(12) 3j 10j 3.16
0.268(10) 7.12(14) 6h 11h 3.94
0.247(10) 7.42(15) 8f 11f 3.40
0.228(10) 7.72(18) 4j 11j 3.16
0.210(10) 8.0(2) 7h 12h 3.91
0.195(10) 8.3(2) 6i, 8g 12i, 12g 3.69
0.170(10) 8.9(3) 8h 13h 3.89
0.155(10) 9.3(3) 7i, 9g 13i, 13g 3.68
0.143(10) 9.7(4) 6j, 10f 13j, 13f 3.17
0.130(10) 10.2(4) 9h 14h 3.88
0.118(10) 10.7(5) 7j, 11f 14j, 14f 3.17
0.098(10) 11.7(7) 8j, 12f 15j, 15f 3.17
0.080(10) 13.0(9) 12h 17h 3.85
0.067(10) 14.2(12) 13h 18h 3.85

constructed from jellium-like potential [13] and a long-
range Coulomb potential. As shown in reference [12], the
calculated binding energies are in excellent agreement
with the observed peaks in the kinetic energy distribu-
tion of photoelectrons. Table 2 shows a new compilation
of these data. The effective principal quantum numbers
n∗ have been calculated by the simple Rydberg formula
E = R/(n∗)2 using the experimental binding energies ob-
tained with 800nm pulses. n∗ ranges from 3.67 to 14.2.
The integration of the one-dimensional radial Schrödinger
equation allows one to assign the different Rydberg levels
to a unique set of quantum numbers n�. While � represents
the angular momentum in the usual notation we have used
in our previous publications [12,19] the number of nodes
n′ in the radial wave function to characterize the different
orbits. From n′ and � one can easily derive the hydrogenic
principal quantum number n = n′+�. We will use this no-
tation (n�) throughout the remainder of the paper to la-
bel the different Rydberg states keeping in mind that the
present experimental data do not allow an unambiguous
assignment of the angular momentum. The last column of
Table 2 gives the quantum defect δ derived from the calcu-
lated binding energies. Two observations are worth men-
tioning here. First, the quantum defect is almost constant

for a series of n� states with constant � and large prin-
cipal quantum numbers (n > 10). Second, in contrast to
atoms the quantum defect does not decrease with increas-
ing angular momentum. Instead, the h series (� = 5) has
the largest quantum defect δ, while for higher and lower
angular momentum states the value of δ is smaller. This
non-atomic behaviour is clearly a consequence of the C60

being a hollow molecule. Although at first sight it appears
quite surprising that this highly simplified model works so
well, one easily verifies that once a Rydberg state is pop-
ulated its characteristic radius is significantly larger than
the fullerene radius of approximately 3.5 Å. Hence, the ef-
fective one particle treatment of the energetic problem is a
very valid approximation. The peaks at respective energies
in the photoelectron spectra are due to single-photon ion-
ization from the initially excited Rydberg states whereas
their population is most likely a collective multielectron
effect as it will be discussed later in the text.

The final single photon ionization step in the excita-
tion process is supported by studying details of the pho-
toelectron spectra depending on the laser photon energy.
Figure 3 (left side) shows the Rydberg photoelectron spec-
tra for three different excitation wavelengths, (a) 800nm,
(b) 660nm, and (c) 400 nm. The photoelectron spectra
are plotted as a function of the electron binding energy
Eb(n�) = hν − Eel and can thus be compared directly.
The assumption of single photon ionization of the Rydberg
states is supported by the following arguments: (i) the ki-
netic energy of photoelectrons converges towards the re-
spective photon energy, i.e. the accessible excited state
for ionization is limited by the photon energy. (ii) The
same Rydberg series are populated when using different
excitation wavelengths, albeit with different intensity dis-
tributions. At first glance, this may seem to indicate a di-
rect multiphoton excitation process of the Rydberg states
with binding energies Eb(n�). However, some important
aspects warrant further discussion. Most critical is the en-
ergy mismatch between the observed excitation energy of
the Rydberg states (IP − Eb(n�)) and a multiple of the
photon energy: it is simply not possible to be in resonance
with all observed Rydberg states simultaneously through
the absorption of n photons with a given energy. The
Fourier-limited energy bandwidth of the up to 2 ps long
laser pulse is much too narrow to allow for the excitation
of Rydberg states covering 1–2 eV in energy. Moreover,
in this intensity regime the field-induced ponderomotive
shift of the energy levels is also too small (<100meV)
to account for the observed energy mismatch. Thus, key
mechanisms such as line broadening and energy sweep-
ing, known from atomic systems in strong laser fields [24]
cannot explain the Rydberg excitation process under the
present conditions in C60 fullerenes.

Explaining this energy mismatch seems to be the key
for a fundamental understanding of the excitation mech-
anism. Several possible scenarios can be envisioned. At
first sight, one plausible explanation might be that the
energy could be directly extracted from the high ther-
mal energy content of C60 prepared in an effusive beam
at a temperature of 770K. About 5 eV are stored in the
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Fig. 3. Left: photoelectron spectra of C60 plotted versus the electron binding energy obtained for different laser parameters
(a) 800 nm, 1.5 ps, 1.1× 1012 W/cm2, (b) 660 nm, 120 fs and (c) 400 nm, 2.1 ps, 3× 1010 W/cm2. The structures are assigned to
several Rydberg series and lower lying excited states under the assumption that ionization occurs via single-photon absorption
(for details, see the text); right: schematic orbital energy level diagram of C60 including the observed Rydberg states and some
intermediate states [12,23], following the terminology applied in [4]. Shown are occupied HOMO and HOMO-1 levels (black
boxes), unoccupied LUMO and LUMO+1 levels (shaded boxes), fast thermalization within the excited electrons and coupling
to the nuclear vibrations (double arrow) to visualize non-adiabatic multielectron effects. Excitation processes for the different
photon energies (a) to (c) with the highest transition probabilities (electron yield) are indicated (open circles).

3n− 6 = 174 vibrational modes. However, such concerted
energy transfer from many nuclear degrees of freedom into
the electronic system is very unlikely to happen in a di-
rect multiphoton excitation process. Franck-Condon fac-
tors are expected to be prohibitive for such a mechanism,
since the geometry of neutral C60 is very similar to that of
singly charged C+

60 to which the Rydberg states converge.
Thus, one would expect a strong propensity for ionization
without change of the nuclear geometry (∆v = 0), simi-
lar to that observed in one photon ionization [25]. As a
consequence, the probability to excite the Rydberg state
manifold directly from the molecular ground state is low,
even taking nuclear vibrations into consideration. For un-
derstanding the spectroscopy of high lying Rydberg states
in molecules, the inverse Born-Oppenheimer approxima-
tion [26] has to be evoked: in this approximation nuclear
vibrations are considered to be fast compared to the or-
biting time of the Rydberg electron and each vibrational
degree of freedom “carries” its series of Rydberg levels.
For the states of interest here we also have to consider
that we may be in the intermediate region where the sys-
tem cannot adequately be described by neither the Born-
Oppenheimer nor the inverse Born-Oppenheimer approx-
imation. This would lead to mixing of the electronic and
vibrational states.

Another, more plausible explanation, under the high
intensity excitation conditions of our experiment may be
obtained by invoking excitation of intermediate electronic
states during the laser pulse by single or multiphoton pro-
cesses, followed by subsequent internal conversion (IC)
processes or even transitions induced by the strong laser
field itself through a “doorway state”. Such processes have
recently received great attention in the literature and a
number of theoretical models have been discussed, in-
cluding excitation from the ground state to an excited
doorway state [27,28], nonadiabatic multielectron dynam-
ics (NMED) [17,18], and time dependent potential energy
crossings [29,30]. NMED has been used successfully to de-
scribe the dissociative ionization dynamics of different aro-
matic molecules as a function of their characteristic length
and extension of the π-electron delocalization [17,18]. Us-
ing the results from time-of-flight mass spectroscopy and
supported by numerical simulation, the authors have de-
veloped a model of the fs-laser interaction consisting of
three key elements: (i) nonadiabatic excitation from the
ground state to the excited-state quasi-continuum via a
doorway state, (ii) dynamic polarization of the entire elec-
tronic system which leads to an exponential enhancement
of this transition, and (iii) sequential energy deposition in
the neutral molecule and the molecular ion before under-
going fragmentation. The concept of doorway electronic
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states originate from the fact that the initial rate-limiting
step in the excitation process can be regarded as a kind
of bottleneck for the energy coupling into the electronic
system.

Recent theoretical calculations on laser-induced ul-
trafast dynamics in isolated C60 using time-dependent
density-functional theory (TDDFT) [3] and a matrix for-
malism [4] reveal that even at relatively low laser intensi-
ties of about 5 × 1010 W/cm2 many electrons are excited
(“active”) during a typical fs-laser pulse (MAE). In a clas-
sical molecular picture one would typically invoke doubly
excited states and internal conversion to describe such
processes. Indeed, similar Rydberg structures have been
reported for several organic molecules and the excitation
mechanism has been explained there by such “superex-
cited” states [31,32]. In the context of the finite system
C60 we consider MAE/NMED processes to be similar to
Rydberg state excitation via such superexcited states. In
the calculations by Zhang et al. [4], multielectron excita-
tion of the LUMO+1 level of C60 is accompanied by strong
vibrational excitation and massive energy exchange with
the ag(1) breathing mode. Excitation of this mode has
been reported for ultrafast excitation of undoped [33] and
doped [34] thin films of C60. However, in a strongly oscil-
lating electric field one would intuitively expect the hu(1)
prolate-oblate mode to be excited [35], rather than the to-
tally symmetric ag(1) mode. Nevertheless, one may envis-
age this mode to become dominant if several electrons are
excited into an antibonding electronic state in which elec-
tron repulsion would tend to inflate the fullerene. Interest-
ingly, similar oscillations are found in rather sophisticated
TDDFT calculations for fast collisional excitation of C60,
including also the nuclear motion of the system [36,37].
More recently, further simulations have shown that the
modes excited in fs pulsed laser excitation depend strongly
on pulse duration and intensity [38]. Although an experi-
mental proof of such oscillating energy exchange of several
eV between electronic and vibrational motion is still miss-
ing, the picture appears attractive to explain the observed
non-resonant Rydberg excitation: the available “band” of
electronic energies in the “doorway” state is broad enough
to allow excitation of Rydberg states within an energetic
range of 1–2 eV by e.g. 3 photons of 800 nm.

In order to illustrate the potential excitation processes
for the different wavelengths studied, the right panel of
Figure 3 reproduces the orbital energy diagram of the C60

fullerene, including the Rydberg states observed by Boyle
et al. [12] and some other intermediate states [23] follow-
ing the terminology applied in [4,8]. The diagram shows
the occupied HOMO and HOMO-1 levels (black boxes),
and the unoccupied LUMO and LUMO+1 levels (shaded
boxes). The heavy double arrows indicate the fast ther-
malization within the excited electrons and the coupling of
electronic and nuclear motion due to NMED. However, the
reader should be warned that such a diagram necessarily
indicates single electron orbital energies while the dynam-
ics involves many active electrons — at least for the initial
excitation step through the doorway state. Three scenar-
ios, (a), (b), and (c), for Rydberg state excitation are in-

dicated with 800, 660, and 400 nm photons, respectively.
As seen, the LUMO+1 (t1g) level is 2-photon (1-photon)
resonant with 800 (400) nm excitation. Hence, we suggest
it to be the “doorway state”. In a strong 800nm laser field
its excitation is possible, as shown a in TDDFT calcula-
tion by Bauer et al. [39]. The calculation shows a strong
second harmonic component of the dipole response when
exciting C60 with a 26 fs 800nm pulse at 3× 1013 W/cm2.
In addition to this already broad response, which origi-
nates from electron-electron coupling, the interaction with
the nuclear motion (which is not included in this particular
TDDFT calculation) may lead to an further broadening of
the excited levels and to field induced non-adiabatic cou-
pling with other excited levels (e.g. with the LUMO (tu)),
as indicated by the heavy double arrows in the energy di-
agram in Figure 3 (right). This may eventually lead also
to internal conversion with an irreversible exchange of en-
ergy between electronic and vibrational motion. The three
scenarios are set such that they refer to the strongest peak
in the experimentally observed Rydberg spectra. Scenario
(a) illustrates how we can picture the excitation of the
8g Rydberg state from the populated doorway state(s)
by three (possibly two) red photons. It is clear that in
this scenario excitation up to the 11h state with three red
photons should not be much less likely if we assume both
the LUMO and the LUMO+1 to be excited in the initial
step. This corresponds to the experimental observation.
Scenario (b) and (c) indicate how the lower lying excited
states with a binding energy of 1.5 eV and 2.0 eV are effi-
ciently excited by two photons of 660 and one photon of
400nm, respectively. This assignment is supported by the
line-widths of these peaks, which are significantly broader
(FWHM: 200–300meV) than those of the “non-resonant”
Rydberg lines (FWHM: <140meV depending on the pho-
ton energy and quantum numbers). This can be under-
stood in terms of a partial failure of the inverse Born-
Oppenheimer picture for the lower lying Rydberg states
due to the stronger interaction of the electron orbital with
the C+

60 ion core and, thus, resulting in a broader photo-
electron peak. From scenario (b) and (c) it is also evident
that two 660 nm photons or one 400 nm photon cannot
reach the higher Rydberg levels from the LUMO+1 (in
contrast to three red photons in scenario (a)). Hence the
intensity in these cases rapidly decreases with increasing
quantum numbers. In all three cases one additional photon
finally ionizes the system and the corresponding kinetic
energy of the photoelectron can be detected (downwards
pointing arrows labeled e−).

The alignment of the laser polarization vector with
respect to the detector axis also affects the measured
photoelectron yield. In Figure 4a the spectrum recorded
with parallel polarization is compared to that recorded
with perpendicular polarization. Photoemission from the
Rydberg states indicated by arrows is significantly en-
hanced when the laser polarization axis points towards
the detector. This again indicates that ionization occurs
directly within one laser pulse. The high angular momenta
involved in the processes lead to a significant anisotropy.
Interestingly, the smooth background is less influenced by
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Fig. 4. Comparison of C60 photoelectrons recorded with the
laser polarization vector oriented perpendicular (dotted line)
and parallel (solid line) to the spectrometer axis.
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Fig. 5. Normalized photoelectron spectra in the low kinetic
energy range up to 2 eV recorded for three different 800 nm
laser pulse durations τ , respectively bandwidths ∆E at ap-
proximately 5 × 1012 W/cm2.

the polarization but still reduced for perpendicular po-
larization. These electrons might partially originate from
multiphoton ionization without intermediate Rydberg res-
onances. Further experiments on details of the angular
distribution using imaging techniques are on the way.

As a final observation in this subsection we compare
different pulse durations. Figure 5 shows normalized pho-
toelectron spectra obtained with 800nm radiation at ap-
proximately 5 × 1012 W/cm2 for three laser setups with
different Fourier limited pulse durations τ and correspond-
ing bandwidths ∆E. The spectra — albeit broadened in
accord with the bandwidth — indicate that the excitation
mechanism must be very fast: traces of a Rydberg popu-
lation can be observed even for pulses as short as 30 fs.

We can summarize here that for a realistic descrip-
tion of the excitation process of Rydberg series a full
MAE/NMED picture is needed. In the course of this pa-
per, particularly when presenting the results of the two-
color pump-probe study in the following section and the
comparison of the hot and cold fullerene response in Sec-
tion 3.3 further convincing arguments for this statement
will be given.

-500 0 500 1000
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

(a)

time delay [fs]

el
ec

tr
on

 k
in

et
ic

 e
ne

rg
y 

[e
V

]

10000 8000 6000 4000 2000 0
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

11h
10f

10h

9f

8h

9h

7d

8g

(b)

el
ec

tr
on

 k
in

et
ic

 e
ne

rg
y 

[e
V

]

counts [arb. units]

(a)

Fig. 6. (a) Contour plot of the photoelectron signal as a func-
tion of the time-delay between 400 nm pump (1×1011 W/cm2)
and 800 nm probe pulse (2 × 1012 W/cm2). (b) Kinetic energy
distribution of photoelectrons for zero time-delay, which corre-
sponds to a vertical cut along the vertical dotted at zero time
delay line shown in the left panel.

3.2 Two-color pump-probe spectroscopy

As discussed in the previous subsection the chirp depen-
dence of the photoelectron spectra (Fig. 2) indicates that
it might be possible to separate several steps of the ex-
citation and detection process. Here we use a blue pump
pulse of relatively low intensity, which is resonant with
the dipole-allowed HOMO (hu) → LUMO+1 (t1g) transi-
tion (see Fig. 3, right diagram), to deposit energy more
efficiently into the electronic system. The dynamics of
the energy redistribution within the electronic system and
the accompanied coupling to the nuclear motion is then
probed by a time-delayed red probe pulse. We choose the
polarization of the two pulses to be perpendicular, the
red pulse pointing towards the detector. The enhance-
ment of the photoemission yield along the polarization
axis (Fig. 4) offers a simple way to discriminate “back-
ground” photoelectrons ionized with blue photons only
from those originating from the red probe pulse.

The photoelectron spectra recorded as a function of
the time-delay between 400 nm pump (1 × 1011 W/cm2)
and 800 nm probe-pulse (2 × 1012 W/cm2) are shown by
the contour plot in Figure 6a. The plot was obtained by in-
terpolating the spectra measured at different time-delays
with a total number of 2 × 106 laser shots in each step.
Since good spectral and temporal resolution are mutually
exclusive, 100 fs pulses with a bandwidth of ∆E = 20meV
were used as a compromise in the two-color experiments.
This allows the assignment of several excited Rydberg
levels, though rather poorly resolved, as well as to mon-
itor the dynamics. A cut through this contour plot for
zero time-delay along the vertical dotted line is given in
Figure 6b. It corresponds to a photoelectron spectrum
which essentially reproduces the features obtained in the
one color (800 nm) experiments (Fig. 3a) — except for a
poorer spectral resolution due to the shorter pulses.
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Fig. 7. (a) Normalized photoelectron yield
upon excitation of the 8g Rydberg state as a
function of the time-delay between blue pump
and red probe pulse (open circles). Zero photo-
electron yield has been set at the low intensity
level for negative time-delays and t = 0 to the
turning point of the error function. (b) Time
evolution of the total C+

60 ion yield depend-
ing on the pump pulse intensities with a linear
intensity dependence of the maximum signal
(inset). t = 0 was determined by measuring
the cross correlation of xenon photoions (not
shown).

Figure 6a shows that at negative time delay when the
red pulse leads, almost no photoemission signal from ex-
cited Rydberg states is observed. Once pump and probe
pulse overlap the photoelectron yield increases dramati-
cally and a maximum population of the Rydberg series
if found at a time delay of 50–100 fs. It can be inferred
from this observation that the resonant pre-excitation of
the LUMO+1 (t1g) state by the weak blue laser pulse is
essential to populate Rydberg states for such low ener-
gies of the red pulse (note that in contrast to Figure 6a
where the red pulse fluence is only 0.2 J/cm2 the spectrum
shown in Fig. 3a was recorded with a red pulse fluence of
1.65 J/cm2). The population of this state is clearly iden-
tified as the bottleneck in the excitation process. It acts
as a “doorway state” to the population of Rydberg lev-
els. At time delays longer than 400 fs the photoelectron
spectra remain nearly the same for several picoseconds. In
Figure 7a this is shown more quantitatively for the pho-
toelectron yield from the 8g Rydberg state. The spectrum
shown results from a horizontal cut through the contour
plot along the t axis at an electron kinetic energy corre-
sponding to the 8g Rydberg state.

The interpretation of the experimental data has ben-
efited from recent theoretical work by Zhang et al. [4].
In these calculations the laser frequency is tuned to the
first dipole allowed transition HOMO (hu) → LUMO+1
(t1g). Although, the pulse duration of 10 fs and the laser
intensity of 3 × 1010 W/cm2 used in the calculation do
not exactly match the experimental conditions of our
time-resolved two-color experiment, some interesting gen-
eral trends described in the theoretical work are highly
pertinent to the present discussion. The calculation pre-
dicts that the initial electronic configuration of C60 espe-
cially the HOMO (hu) and LUMO+1 (t1g) is significantly
changed upon laser irradiation. Even at these low inten-
sities two electrons are excited to the LUMO+1 orbital
during the laser pulse, while at the same time the energy
position of the t1g electronic state shifts downwards, and

hu shifts upwards. According to the calculation the energy
shift results mainly from a reduction of the symmetry from
Ih to D5d (Jahn-Teller effect) which splits the degenerate
hu and t1g into several energetically separated sublevels.
Because of this symmetry reduction the C60 ionic core
finds itself in a non-equilibrium position at the end of the
laser excitation and starts to vibrate. The lattice and the
electronic system exchange almost 2 eV with an oscilla-
tion period of about 84 fs. The authors attribute this to
the excitation of the well-known ag(1) radial breathing
mode [40]. Its vibrational period has been determined ex-
perimentally to be 67 fs [41]. Two more results of this the-
oretical work are worth mentioning here. First, the total
absorbed energy slightly overshoots the energy deposited
into C60 at the end of the laser pulse. The authors at-
tribute this to the influence of the lattice vibrations on the
absorption process. Second, in the intensity range of about
1011 W/cm2 the number of excited electrons increases al-
most linearly with intensity.

Guided by these theoretical predictions, it is assumed
that the time-dependent electron signal in the two-color
experiment shown in Figure 7a results from the combined
effect of the doorway state population due to multielec-
tron excitation and an additional fast relaxing excitation
channel indicated by the hump in the photoelectron yield.
The fast relaxation is attributed tentatively to a thermal-
ization of the multiple excited electrons in the LUMO+1
orbital. For further evaluation we used a fit function
f(t) = f1(t)f2(t). The first term describes the popula-
tion of the excited state which is essentially the integration
over the Gaussian pulse envelope: f1(t) ∝ 1+erf(t/t1). We
used t1 = 110 fs which corresponds to the cross correlation
function of the blue and the red pulse. The second term
characterizes the relaxation: f2(t) ∝ 1 + pa exp(−t/t2).
The best fit was achieved with a value of t2 = 95 fs for
the fast relaxation time within the electronic degrees of
freedom (solid line in Fig. 7a). This value is compara-
ble to the characteristic time for thermalization due to
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electron-electron scattering below ca. 100 fs, previously
concluded from single pulse experiments [7,9]. At lower
blue intensity the hump disappears, indicating that less
electrons are injected into the “excited state bands” [19].
The life time of the doorway state (after excitation by the
400nm pulse) is surprisingly long (ps up to ns) and seems
to depend on the exit channel monitored [19]. One has
to bear in mind that the population of the doorway state
is probed here via the population of the Rydberg states
which are excited resonantly out of the electron distri-
bution in the doorway state by three (possibly two) red
photons. With the present time resolution, it is not possi-
ble to resolve the periodic exchange of energy between the
excited electron cloud and the molecular vibrations pre-
dicted by theory [4]. However, the measured lifetime of the
excited state is comparable to the time the ag(1) vibration
persists, when impulsively excited in time-resolved trans-
mittance experiments on thin C60 films [33]. Thus, it is
reasonable to assume that in our pump-probe scheme the
energy deposited indeed partially oscillates between the
electronic and nuclear system.

The time-dependence observed in the electron spectra
is also found in the time-evolution of the total C+

60 ion
yields in the mass spectra. This is shown in Figure 7b
using different intensity laser pulses in the range of 1 ×
1010 to 7 × 1010 W/cm2 for the 400nm pump pulse and
a slightly different intensity of 1 × 1012 W/cm2 for the
800nm probe pulse. This result underlines the bottleneck
character of the LUMO+1 state in the energy deposition
process, i.e. the ionization dynamics of the molecule is
mainly governed by the dynamics of the initial excitation
step. Furthermore, the approximately linear increase of
electron density in the t1g electronic state with increasing
pump intensity predicted by theory [4] is also reflected in
the C+

60 ion yields. This is shown in the inset of Figure 7b,
where the maximum C+

60 signal is plotted as a function
of the pump pulse intensity. The scaling of the y-axis is
identical to that in the time resolved measurements.

The main excitation steps of the two-color pump probe
experiments are illustrated in the orbital energy diagram
of the C60 in Figure 8, which has been used already
in the context of the wavelength dependent studies (see
Sect. 3.1). Two additional pieces of information are de-
rived exclusively from the pump probe study: (i) the res-
onantly pre-excited LUMO+1 state is the bottleneck to
the Rydberg state manifold. This is indicated by the cir-
cles in Figure 8. (ii) The doorway state (and consequently
the periodic exchange of 1 eV per excited electron with
vibrational modes) indicated by the double arrows per-
sists for several ps up to ns. The coupling to the nuclear
motion plays a key role in the population of the Rydberg
manifold. These are collective many particle effects pro-
viding a broad energy bandwidth, from which all the ob-
served Rydberg states are accessible by the absorption of
2–3 photons. In a last one-photon step the Rydberg states
are subsequently ionized into the continuum as illustrated
for different scenarios (a–c) in Figure 8.

Some information on the “average” order of the multi-
photon processes can be obtained by investigation of the
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C+
60 ion yield depending on the red probe pulse intensity.

This analysis has to be taken with a grain of salt since in
contrast to a genuine multiphoton process, where n pho-
tons are taken simultaneously from the laser field, in or-
der to promote one electron (SAE) into the continuum, in
case of C60 many electrons (MAE) are excited — possi-
bly in the same set of unoccupied orbitals. We recall that
in lowest-order perturbation theory the n-photon ioniza-
tion rate Γn from a bound to a free (continuum) state is
given by Γn = σnIn, where n is the minimum number of
photons needed for ionization, σn is the generalized cross
section and I is the incident laser intensity. According
to this equation, the C+

60 signal should follow in a dou-
ble logarithmic diagram a straight line with the slope n
when increasing the intensity I of the red probe pulse. The
order of the process should be lower compared to direct
multiphoton ionization due to the pre-excited LUMO+1
doorway state. In Figure 9a, the ion signal is evaluated
in the “plateau region” of the time dependent measure-
ments displayed in Figure 9b. Already the blue excitation
pulse only with its 3×1011 W/cm2 causes some ionization,
which is indicated by the horizontal line. The ionization
rate of pre-excited molecules increases significantly above
a threshold probe pulse intensity of It = 1.1×1012 W/cm2

with a slope of n = 2.75. The threshold intensity is defined
as the intersection of the linear fit with the blue only sig-
nal (horizontal line). At highest probe pulse intensities
used in these experiments (3 × 1012 W/cm2) the C+

60 ion
yield starts to saturate. To guide the eye, the intensity
dependence of the ionization rate on the red probe pulse
intensity is indicated by the dotted curve. At first sight,
the slope of n = 2–3 is quite surprising. One would ex-
pect to need 3–4 red photons for the ionization from the
excited doorway state as indicated in the orbital energy
diagram of Figure 8, especially after some energy is flown



348 The European Physical Journal D

1012

103

104

(a)

 

blue only signal

n = 2.75 ± 0.18

C
60

+
 s

ig
na

l [
ar

b.
 u

ni
ts

]

intensity [W/cm2]

-500 0 500 1000

0.0

0.4

0.8

1.2

1.6

(b)

400 nm pump: 

3*1011 W/cm2

                    800 nm probe:

             3*1012 W/cm2

    *                  *
    *                  *

             1*1012 W/cm2

C
60

+

co
un

ts
 p

er
 s

ho
t (

5k
 s

ho
ts

)

time delay [fs]

Fig. 9. (a) Double-logarithmic plot of the C+
60

ion signal evaluated in the “plateau” region
(time delay > 500 fs in the right panel) as a
function of the red probe pulse intensity. Also
indicated in the Figure are the ion signal result-
ing from irradiation with blue pump pulses only
(horizontal line) and the slope (n = 2.75) of its
increase due to red probe pulses of increasing in-
tensity. For details, see the text. (b) Time evo-
lution of the total C+

60 ion yield depending on
the probe pulse intensities. A cross-correlation
measurement of xenon ions (not shown) gives
t = 0.

into nuclear vibrations. On the other hand, the power law
is only valid if no resonances are hit during the multipho-
ton excitation. In the excitation process we discuss here
the Rydberg states as intermediate resonances towards the
ionization which may be the cause for the observed slope
of 2–3. However, we cannot rule out with certainty that
the ionisation process might be of statistical nature. This
would also lead to slopes in the log-log plot, which cor-
responds to the minimum number of photons needed for
ionisation [9].

So far, non-adiabatic multielectron effects have been
discussed solely with respect to the excitation of Rydberg
states and their subsequent single-photon ionization. We
have experimental evidence that these mechanisms are
also active in, both multiple ionization at higher inten-
sities and fragmentation processes of the molecule. Again,
mass spectra have been recorded as a function of the time-
delay between a 400nm pump and a 800nm probe pulse.
However, in order to create a sufficient amount of doubly
charged ions and fragments we have used in these exper-
iments an intensity of 7 × 1012 W/cm2 for the blue pulse
— which is about 2 orders of magnitude higher than in
the previously discussed experiments. The red probe pulse
was 4×1012 W/cm2 only slightly more intense than previ-
ously. In Figure 10, the time-dependent total ion yields of
doubly charged fragments (open circles), doubly charged
mother ions (solid circles), singly charged fragments (open
triangles), and singly charged mother ions (solid triangles)
are shown. Since already the pump pulse causes significant
ionization and fragmentation, the total ion yields are nor-
malized to the sum of the single-pulse ion yields for both
wavelength. A cross-correlation measurement using the
xenon ion signal gives t = 0 and τ = 125± 5 fs. The com-
parison of negative and positive time-delays with respect
to the ion yields shows that multielectron excitation to the
LUMO+1 doorway state by the blue pulse increases the
signal of doubly charged mother ions and doubly charged
fragments significantly. The characteristic hump 50–100 fs
after zero time-delay indicates that fast thermalization
within the hot electron cloud in combination with coupling
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Fig. 10. Total ion yield of
∑

C++
60−2n (open circles), C++

60 (solid

circles),
∑

C+
60−2n (open triangles), and C+

60 (solid triangles)
as a function of the time-delay between 400 nm pump (4 ×
1012 W/cm2) and 800 nm probe pulse (7 × 1012 W/cm2). The
total ion yields are normalized to the sum of the single-pulse
ion yields for blue and red pulses. t = 0 have been determined
by a cross-correlation measurement of xenon. Its width was
τ = 125 ± 5 fs.

of the electronically excited state to molecular vibrations
determine not only the population of Rydberg levels, but
also the rate constant for multiple ionization through a
very efficient energy absorption. It shows that multiple
ionization occurs predominantly sequentially, which has
been concluded previously from single-pulse experiments
[9,42]. Regarding the subsequent fragmentation into singly
and doubly charged species, different processes seem to
be involved. The ion yield of doubly charged fragments
follows both, the multielectron excitation dynamics of the
doorway state (heating of the electron and nuclear system)
and the yield of doubly charged mother ions. This indi-
cates that doubly charged fragments result predominantly
from hot C++

60 ions, which are formed and excited during
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the interaction, for instance by internal energy conversion,
by shake processes in the ionic system [43] or even (albeit
certainly to a lesser extent only) by recollision processes
with emitted electrons within one laser oscillation cycle
[44]. In contrast, the formation of singly charged frag-
ments does not exhibit such a pronounced time dependent
behavior. The pre-excitation of the doorway state with
the blue pump pulse followed by vibrational coupling sig-
nificantly enhances fragmentation, but the characteristic
“hump” in the time-dependent signal 50–100 fs after time
zero is missing for these (blue) pump laser pulse inten-
sities. As intuitively expected, the “overheated” electron
cloud in the doorway state enhances multiple ionization of
C60 resulting in multiply ionized fragments as described
above, rather than the formation of single charged frag-
ments. The electron phonon-coupling time is on the order
of a few hundred fs [9], much longer than the time the hot
electron cloud persists. A detailed discussion of photoin-
duced fragmentation dynamics in C60 fullerenes studied
with fs pump-probe spectroscopy will be subject to future
work [45].

3.3 Hot and cold C60

At this point one is tempted to question again the role
of initial vibrational excitation of the C60. Although that
energy cannot be accessed in a direct multiphoton exci-
tation or ionization process as discussed above, energy
exchange between electronic and vibrational system may
significantly profit from the thermal energy stored in the
system. In view of the excitation process of Rydberg se-
ries, a change of the excited state geometry will change
the Franck-Condon region for subsequent excitation of the
Rydberg levels, thus giving access to at least some of the
vibrational energy content. Hence, experiments have been
performed comparing “hot” (770K) and “cold” (80K) C60

target molecules [19], in order to control the strength of vi-
brational coupling in the excitation process and to study
its effect on the systems response to ultrashort, intense
laser pulses.

In the “hot” C60 about 23% and 8% of the molecules
are in the vibrationally excited v = 1 and v = 2 states of
the hg(1) mode, respectively, while at 80K the molecule
is predominantly in its vibrational ground state with the
population of the lowest vibrationally excited state being
as low as 0.6%. The data have been taken in a one color
experiment with a single pulse of 800 nm photons, 100 fs
duration and an intensity of 2.5×1012 W/cm2. The result
is shown in Figure 11. The photoelectron spectra recorded
for hot fullerenes exhibit the rich structure of Rydberg
states discussed in previous sections. In contrast, the
structure has completely disappeared in the photoelectron
spectrum from cold C60. Following the above discussion
this can be understood in terms of the much higher popu-
lation of vibrationally excited states for the hot molecule
which increases the effective density of populated rovibra-
tional states and consequently enhances electron-phonon
coupling. Note also that multielectron dynamics in the
excited doorway state — as initiated by the strong laser
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Fig. 11. Comparison of the photoelectron signal as a function
of kinetic energy from “hot” (770 K, solid line) and “cold” C60

(80K, dashed line) [19]. 800 nm pulses of 100 fs length (2.5 ×
1012 W/cm2) were used for Rydberg excitation and detection.
The two curves are normalized to each other at an electron
energy of 2 eV where only a thermal electron distribution is
detected.

field — involves already per se a band of excited states
filled with hot electrons which can couple to the nuclear
bath the more efficiently the more it is pre-excited1. In
summary, the NMED process leads to an efficient pop-
ulation of a relatively broad energy band in case of hot
C60. This broadening is essential for accessing the man-
ifold of excited Rydberg states due to the absorption
of several additional photons. For cold C60 the energy
distribution of photoelectron emission follows essentially
the statistical “thermal” electron energy distribution —
a behavior which lends itself to the interpretation that
electron-phonon coupling is much weaker when the sys-
tem is cold. Similar effects have been observed, for in-
stance, in 2-photon photoelectron spectroscopy on silver
surfaces [46].

4 Conclusion

The energetics and dynamics of the ultrafast response
of C60 fullerenes to intense short pulse radiation has
been investigated with photoelectron and photoion spec-
troscopy. In order to obtain a detailed understanding, es-
pecially of the population mechanism of Rydberg states
upon laser irradiation of the neutral molecule, single-pulse
and two-color femtosecond pump probe experiments were
performed. By studying the effect of different laser pa-
rameters such as excitation wavelength, intensity, chirp,
and polarization in single-pulse experiments and the time

1 In a SAE picture one would possibly speak about more
efficient internal conversion at conical intersections due to a
higher density of states in the energetically accessible region.
This in turn would significantly change the Franck-Condon re-
gion so that the vibrational propensity rule discussed earlier is
relaxed and nuclear energy may be transferred.
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and intensity dependence in two-color pump-probe exper-
iments new insights into the underlying processes are ob-
tained.

The experimental results point towards an excitation
process including four main steps: (i) at the beginning of
the laser pulse nonadiabatic multielectron excitation from
the HOMO (hu) leads to a very efficient population of the
LUMO+1 (t1g), which is considered to be the doorway
state for all subsequent processes. (ii) The rapid thermal-
ization within the electronic system on a time scale below
100 fs and the coupling of the electronic excitation to nu-
clear motion of the molecule results in a the population
of a broad energy band of 1–2 eV depending on the pho-
ton energy. The energy is stored for at least several pi-
coseconds in the doorway state without discernable relax-
ation. (iii) The “level broadening” allows the population
of Rydberg states via multiphoton absorption, as well as
excitation of some lower-lying levels. (iv) This is followed
by single photon ionization from the excited states result-
ing in a characteristic sequence of photoelectron peaks.

Investigation of cold C60 molecular beams with re-
duced vibrational energy content and hence, reduced
phonon density highlight the importance of electron-
phonon coupling in the excitation process of Rydberg
states. Due to the reduced vibrational coupling, the char-
acteristic signature of populated Rydberg levels in the
photoelectron spectra is absent.

As shown by TDDFT calculations the singe active
electron picture — although it may describe some ob-
servations for low intensity and particularly short pulses
rather nicely — is not sufficient to describe the details
of the electronic response. If the nuclear degrees of free-
dom come into play — which is obviously the case for
Rydberg excitation as shown by comparing hot and cold
target molecules — one needs to study the full picture,
involving all couplings and degrees of freedom.

The comparison of the experimental results with re-
cent theoretical work gives a strong indication that non-
adiabatic multielectron dynamics (NMED) plays a key
role for the understanding of the response of C60 to
short-pulse laser radiation. Time-resolved photoion spec-
troscopy at higher laser intensities show that these mecha-
nisms are also active in multiple ionization and fragmenta-
tion of the molecule. In this context, a rigorous theoretical
treatment would be highly desirable combining the rele-
vant approaches presently discussed — such as NMED and
time dependent potential surfaces, field induced crossings
splitting into one uniform, rigorous approach.

It is evident that a detailed understanding of a system,
such as a fullerene, helps to understand the physics of a
whole class of molecules and clusters with an extended
π electron system exposed to intense laser light. It will
also help to model control schemes of certain relaxation
pathways in large finite molecular system.
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