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3Institut für Theoretische Physik, Technische Universität Dresden, D-01062 Dresden, Germany
(Received 13 October 2006; published 1 February 2007)

Femtosecond laser pulses tailored with closed-loop, optimal control feedback were used to excite
oscillations in C60 with large amplitude by coherent heating of nuclear motion. A characteristic pulse
sequence results in significant enhancement of C2 evaporation, a typical energy loss channel of vibra-
tionally hot C60. The separation between subsequent pulses in combination with complementary two-color
pump-probe data and time-dependent density functional theory calculations give direct information on the
multielectron excitation via the t1g resonance followed by efficient coupling to the radial symmetric ag�1�
breathing mode.
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The control of photophysical processes with judiciously
tailored femtosecond (fs) laser pulses is a cutting edge
topic in modern laser science and might pave the way to
optically controlled organic chemistry [1]. A great variety
of pulse-shaping experiments has been performed since the
concept of closed-loop, adaptive feedback control was
proposed [2]. Efficient use of self-learning optimization
algorithms allows one to control different photoinduced
processes such as selective fragmentation [3], bond disso-
ciation and rearrangement [4], laser-induced fluorescence
[5], stimulated Raman emission [6], or high-harmonic
generation [7]. The motivation behind this powerful
method is mainly twofold: (i) to maximize a specific,
selected reaction and (ii) to learn about the thus induced
(optimized) process itself. The latter is usually very diffi-
cult to achieve for large finite systems with many elec-
tronic and nuclear degrees of freedom [8], in particular, if
strong-field laser pulses are used which may be very effi-
cient in reaching the former purpose [9].

In this Letter we report strong-field fs pulse-shaping
experiments with C60 fullerenes which illustrate that both
objectives may be approached in a complex manybody
system. C60 may be regarded as a model system for study-
ing the dynamics of energy deposition, redistribution, and
coupling [10], and by controlling the molecular response
with adaptive closed-loop feedback, fundamental ques-
tions can be addressed, such as to the role of intermediate
electronic excited states in ionization and/or dissociation
processes [11,12]. In particular, the interplay between
single active electron (SAE) dynamics, which dominates
the strong-field response of atoms, multi active electron
(MAE) response expected in polyatomic molecules [13–
16], and efficient coupling to nuclear degrees of freedom
are of high current interest [17,18]. Here we focus on
selective enhancement of C2 evaporation, a typical energy
loss channel of vibrationally excited fullerenes. The com-
bination of optimal control with complementary 2-color

pump-probe experiments and time-dependent density
functional theory (TDDFT) allows us to pinpoint the ‘‘mi-
croscopic’’ process. We present evidence that due to a
mechanism which may be called coherent heating of nu-
clear motion, the strong specifically shaped pulsed field
induces multielectron excitation via the t1g doorway state
followed by efficient coupling to the ag�1� breathing mode
of the nuclear backbone of C60.

We use a 1 kHz Ti:sapphire laser system generating
800 nm pulses of 27 fs duration (FWHM) with a pulse
energy of 800 �J. The radiation passes a pulse former that
consists of a liquid crystal modulator (Jenoptics SLM-S
640/12) placed in the Fourier plane of a zero dispersion
compressor [19]. The computer controlled liquid crystal
(LC) array of 640 pixels allows variation of the spectral
phase function in the interval (0–2�). Typically, the spec-
tral phase was specified at 32 equidistant wavelengths and
in between a spline interpolation was used to set the LC
array. This turned out to be a good compromise for ap-
proximating the global maximum in solution space, while
keeping the number of free parameters small and the con-
vergence time short. The shaper setup has a total trans-
mission of ’ 35% and phase-only shaping implies constant
pulse energy throughout the experiment. Its dispersion
without applying a phase mask slightly broadens the pulse
to 31 fs duration. The temporally shaped laser pulses were
focused onto the molecular beam produced from C60 pow-
der heated to 770 K. The waist of the focused beam was
determined by the standard knife-edge method to be w0 �
58 �m (at 1=e of maximum intensity). Wave front mea-
surements assure spatial uniformity of the light pulse dur-
ing the optimization process. Ions generated at the
intersection volume were extracted with a static electric
field and recorded with a time-of-flight (TOF) mass spec-
trometer. Experimental details are reported elsewhere [20].

Finding the optimal pulse shape is done in analogy to
similar optimization processes occurring in nature by a
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feedback learning loop. From the different approaches
possible [21] we used an evolutionary strategy by which
we obtained robust optimal solutions with good conver-
gence. We start with 20 randomly chosen phase masks (1st
generation). The response of the molecular system is eval-
uated for each mask by recording a mass spectrum aver-
aged over 1000 laser pulses. The two pulse shapes with the
best fitness value, e.g., the C�50 ion counts, are carried over
to the next generation without changes. The remaining
18 members of the new generation are created by crossover
events, where the phase pattern from two randomly chosen
masks are partially exchanged. In a second step the newly
created members are modified in a mutation event, where
with a 20% probability the pixels of the phase mask are
replaced by a random value. Convergence is achieved after
typically 30– 40 generations. The resulting optimal pulse
shape for a predefined target is characterized by cross-
correlation frequency-resolved optical gating (SH-
XFROG).

A typical learning curve for maximizing the C�50 frag-
ment ion yield is plotted in Fig. 1(a), with the XFROG-
trace of the corresponding optimal pulse shown in the inset.
During the learning process the C�50 ion signal increased by
a factor of ’ 2:4 compared to the signal recorded with
unshaped pulses (0th generation). The C�50 ion abundance
was chosen as an optimization target because it is a mea-
sure for the temperature of the nuclear backbone. It is well
known that cooling of highly vibrationally excited C60

occurs mainly through sequential evaporation of C2 units
in a statistical process [10]. Thus, a strong correlation of
the optimization curve with those of the neighboring frag-
ments C�48 and C�52 is observed (not shown here). It is
important to note that our present control scheme does
not optimize selective bond breaking. Rather, it maximizes
the process of energy flow into vibrational modes of C60.
For comparison we have measured the C�50 with a stretched
pulse of the same overall energy and duration [Fig. 1(c)] as
our optimal pulse [Fig. 1(b)] and find the signal for the
optimal pulse to be more than 2 times stronger. The ratios
R � C�50=C�60 even increased by factors of 7 and 32 com-

pared to those of the stretched and the unshaped pulse,
respectively. These observations thus go far beyond the
common wisdom according to which the response of ful-
lerenes to intense laser fields is found to be determined by
the pulse duration as recently reviewed [10]: the XFROG
trace in Fig. 1(a) clearly shows that a sequence of pulses is
best suited for most efficient energy coupling into nuclear
motion. The wave packet generated by this pulse sequence
prevails apparently for at least 6 cycles, surprisingly long
considering the large number of electronic and nuclear
degrees of freedom into which energy can finally flow.

To corroborate these findings and to glean further insight
into the underlying manybody dynamics we performed
complementary 2-color pump-probe experiments with a
relatively weak frequency-doubled 400 nm pump pulse,
resonant with the dipole-allowed HOMO�hu� ! LUMO�
1�t1g� transition, assumed to mimic essentially the excita-
tion effect of the leading edge of the strong, shaped 800 nm
pulse in the previous experiment. The dynamics of the
energy redistribution is then probed by a time-delayed
800 nm probe pulse. Figure 2(a) shows the metastable
C3�

48 ion signal as a function of the time-delay between
400 nm pump (1:7� 1013 W=cm2) and 800 nm probe
pulse (7:3� 1013 W=cm2) with pulse durations of 25 and
27 fs, respectively. Triply charged, large fragments are
most abundant using fs pulses as visible in Fig. 1(d) and
metastable fragmentation (on a �s-ms time scale) is a
particularly sensitive probe of the temperature of Cq�

60
generated in the initial photoabsorption process [10]. At
negative time delay, when the red pulse leads, almost no
signal from C3�

48 is observed. Once pump and probe pulse
overlap, the ion yield increases strongly and a maximum
fragment signal is found at a delay of ’50 fs. It can be
inferred from this observation that the resonant preexcita-
tion of the LUMO� 1�t1g� state by the blue laser pulse
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FIG. 1 (color online). (a) C�50 signal as a function of generation
of the evolutionary algorithm. The inset shows the XFROG trace
of the optimal solution. On the right, mass spectra recorded with
optimal (b), stretched to 340 fs (c), and unshaped pulses of 31 fs
FWHM are plotted. The ratios R � C�50=C�60 are given.

 

FIG. 2 (color online). (a) Metastable C3�
48 ion signal as a

function of time delay between the blue pump and red probe
pulse. An exponential decay is fitted to the data. (b) A modula-
tion is found for all large fragments C3�

60�2m by subtracting the
fits from the measured transients. (c) Optimized temporal shape
with 220 �J laser pulses and (d) 280 �J pulses.
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significantly enhances multiple ionization and massive
fragmentation both induced by the subsequent red pulse.
The t1g state has already been identified as the doorway
state for the population of Rydberg states in C60 [22] and it
seems to act generally as a bottleneck for photophysical
energy deposition into C60.

Closer inspection of the pump-probe transient reveals a
weak modulation on top of the C3�

48 ion signal. By fitting
the data to the laser cross-correlation function convoluted
with a single exponential function decay and subtracting
this from the measured signal, this modulation—albeit
small—is found in all pump-probe data from multiply
charged large fragments with a period of 80� 6 fs. This
is shown in Fig. 2(b). Obviously, nuclear rearrangement
upon electronic excitation via the t1g state occurs. The
oscillation is then probed by the 800 nm probe pulse,
assuming (by virtue of Franck-Condon arguments) that
the absorption cross section for further energy deposition
depends on the C60 oscillation.

The comparison of the pump-probe modulation with
results from pulse-shaping experiments [Fig. 1(a)] gives
evidence that these different spectroscopic techniques
probe very similar dynamics. Figures 2(c) and 2(d) show
for comparison the optimal temporal shapes for excitation
with 220 �J and 280 �J pulses, respectively, derived by
projecting the XFROG-traces onto the time axis. The key
findings reproduced in several optimization runs are as
follows: (i) Each pulse shape consists of two distinct
regimes with periodicity T1 and T2. (ii) The periodicity is
smaller on the leading edge of the pulse than on the trailing
edge (T1 < T2). (iii) It increases with increasing pulse
energy. The observed values range from T1 � 84� 9 fs
at 220 �J up to T2 � 127� 12 fs at 280 �J. All observed
times including the pump-probe result are much larger than
the well-known radially symmetric breathing mode ag�1�
of neutral C60 molecules, which has an experimentally
determined period of 67 fs [23]. On the other hand, the
observed periods are in general shorter than the lowest
prolate-oblate mode hg�1� (122 fs [23]) recently suggested
as the dominantly excited mode of C60 due to the strong
laser-induced dipole forces acting in intense 1500 nm
pulses [24].

To glean information on the nuclear motion excited in
strong 400 nm and 800 nm laser fields we used the so-
called nonadiabatic quantum molecular dynamics (NA-
QMD) [25], developed recently. In this approach, elec-
tronic and vibrational degrees of freedom are treated si-
multaneously and self-consistently by combining time-
dependent density functional theory (TDDFT) in basis
expansion with classical molecular dynamics. The NA-
QMD theory has already been successfully applied to
excitation and fragmentation mechanisms in ion-fullerene
collisions [26] and laser-induced molecular dynamics [27–
29]. In the present studies the adiabatic LDA functional is
used. We note that the calculations are limited due to the
computational effort by using the frozen core approxima-

tion and only a minimal basis set (i.e., 2s, 2px, 2py, 2pz
orbitals) and, thus, describing the ionization mechanism
not very realistically. However, in principle, it is possible to
include realistically the ionization process in NA-QMD,
demanding however many more basis functions and a
reliable absorber potential [30].

In Fig. 3 we present the first results for excitating C60 by
an intense laser field (� � 370 nm, � � 27 fs) at different
intensities. The wavelength of 370 nm is close to the
experimentally used 400 nm pump pulse and matches the
first optical resonance calculated with our method. The
calculations shown in Fig. 3(a) predict an efficient excita-
tion of many electrons by the laser field. At the highest
laser intensity (5� 1013 W=cm2) nearly 31 valence elec-
trons are strongly excited resulting in an impulsive force
that expands the molecule dramatically up to 9.4 Åwhich is
130% of the C60 diameter, orders of magnitude larger than
expected for any standard harmonic oscillation. At high
laser intensities most of the kinetic energy of the nuclei is
stored in the radially symmetric breathing mode ag�1� in
contrast to the rather small contribution of the other vibra-
tional modes as shown in Fig. 3(b) (calculated by analyzing
the kinetic energy in normal modes) in agreement with
other theoretical work [17]. The new equilibrium position
as well as the oscillation period of the ag�1� depend on the
excited electronic configuration, and, thus, on the absorbed
energy. Figure 3(a) shows a strong increase of the oscil-
lation period with increasing absorbed energy as observed
experimentally. The calculated oscillation period of highly
excited C60 is in good agreement with the results of the
pump-probe experiment in Fig. 2(b) as well as with the first
time regime of the optimally shaped laser pulse given in
Figs. 2(c) and 2(d). The longer period seen experimentally
in the second time regime are not reproduced by the theory,
possibly due to the lack of absorbing boundary conditions
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FIG. 3 (color online). (a) Period of the ag�1� breathing mode
(circles) and number of excited electrons (diamonds) as a
function of deposited energy derived from NA-QMD simulations
(laser parameters: � � 370 nm, � � 27 fs). (b) Vibrational en-
ergy of normal modes after laser excitation (I � 3:3�
1013 W=cm2). The kinetic energy is mainly stored in the ag�1�
mode.
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[30], since the breathing mode period of ionized C60 is
increased in comparison with the neutral molecule. We
also have simulated the pump-probe experiment by calcu-
lating the total absorbed energy as well as the radius as a
function of the pump-probe delay time. Figure 4 shows a
significant correlation between the actual radius, e.g., the
ag�1� mode of the excited C60 with T � 75 fs, and the
energy deposited after the probe pulse, which is the key for
understanding the experimental observation.

To summarize, temporally shaped fs laser pulses with
closed-loop, optimal control feedback were used to obtain
detailed information on ultrafast electronic and nuclear
dynamics in photoexcited C60 molecules. A characteristic
pulse sequence was found to excite large-amplitude oscil-
lations by coherent heating of nuclear motion.
Complementary 2-color pump-probe studies allow us to
identify the t1g state to play the key role in the energy
deposition process. With the help of TDDFT calculations
we have been able to connect the experimentally observed
periods and the calculated, laser-induced giant vibrational
motion. A strong optical laser field excites many electrons
in C60 fullerene via the t1g doorway state. The almost
homogenously distributed excited electron cloud couples
to the radially symmetric ag�1� breathing mode. The ob-
served period (80–127 fs) depends on the number of ex-
cited electrons (deposited energy) and the degree of
ionization. Despite various electronic and nuclear degrees
of freedom, this essentially one-dimensional motion pre-
vails for up to 6 cycles with an oscillatory amplitude of up
to 130% of the molecular diameter.
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FIG. 4 (color online). (a) Absorbed energy (circles) and num-
ber of excited electrons (squares) of C60 after excitation with
pump (��370 nm, I�3:3�1013 W=cm2, � � 27 fs) and probe
pulses (� � 800 nm, I � 7:3� 1013 W=cm2, � � 27 fs) as a
function of time delay. The horizontal line indicates the absorbed
energy after the pump pulse alone (292 eV). (b) C60 radius at the
maximum of the probe pulse as a function of delay time.
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