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Laser-driven dynamics in polyatomic molecules poses a complex many-body problem. Understanding intense 
light-matter interaction is crucial for steering intramolecular quantum dynamical processes. Here, we record time-
resolved x-ray diffraction images of C

60
 molecules during and after their interaction with intense near-infrared 

fields, giving direct access to structural changes of the molecules and their fragmentation in real time. Tuning the 
intensity of the excitation pulses, we uncover a transition from a weak-field regime of excited but stable molecules 
to a high-field regime dominated by Coulomb explosion. In the transition region, the molecules expand by up to 
50% of their initial size within just 140 fs, with major fragmentation only setting in afterward. This work demon-
strates that x-ray diffractive imaging is capable of retrieving time-resolved structural information of large mole-
cules reshaped by intense laser fields. Laser-driven fragmentation is a first step toward observing molecular 
processes modified by laser fields of increasing intensity.

INTRODUCTION
Lasers can steer chemical reactions through the manipulation of mo-
lecular potential-energy surfaces. This control exploits the dynamic 
Stark effect of molecules in strong optical laser fields (1, 2). Light-
induced potential-energy curves have first been observed in the 
1990s in H+

2
 manifesting as softening (3) or hardening (4) of a molecu-

lar bond. Even conical intersections can be induced by light, allowing 
to control the outcome of chemical reactions, such as photodissocia-
tion (5) and photoisomerization (6). The larger the molecular sys-
tem to be steered, the more important are direct imaging methods 
to observe the effect of such laser control.

Fullerenes (7, 8) are prototype systems to study fundamental 
light-matter interaction processes such as energy dissipation by ef-
ficient coupling of many electronic and nuclear degrees of freedom 
spanning timescales from atto- to microseconds (9). The response of 
gaseous C60 molecules to intense femtosecond (fs) laser pulses keeps 
attracting substantial interest both experimentally (10–12) and the-
oretically (13, 14). The ionization and fragmentation patterns of C60 
following irradiation with intense laser fields show the simultaneous 
creation of stable highly charged Cn+

60
 ions (15) along with the frag-

mentation into, e.g., C+, … , C+
11

 ions (10, 16). The breakup of the 
carbon cage into smaller and smaller fragments is proposed to pro-
ceed via a complex chain of bond ruptures and formations, and 
other nuclear rearrangement reactions. Often, the interpretation of 
results involved dominant excitation of either the symmetric breath-
ing ag (1) (14, 17–19) or the oblate-prolate hg (1) (15, 20, 21) mode, 
with vibrational periods of 67 and 122 fs, respectively.

The experimental results have up to now been almost exclusively 
based on charged-particle spectroscopy techniques, detecting elec-
trons and ions nano- to microseconds after the laser interaction. 
Thus, the formation of transient structures and reactions taking place 
on the way to the detector, such as electron-ion recombination, re-
main hidden, and information about neutral fragments is lost. Fem-
tosecond time-resolved x-ray coherent imaging is able to overcome 
these limitations and has recently become feasible on dilute samples 
with the advent of free-electron lasers (FELs), which provide suffi-
ciently short and intense x-ray pulses with ~1012 photons per pulse 
(22–26). Here, we use elastic x-ray scattering to image the response of 
a gas-phase C60 ensemble undergoing near-infrared (NIR) laser–
induced deformations as a function of time, directly observing the 
initial expansion and subsequent fragmentation of the molecules.
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RESULTS
The experimental scheme we used in order to investigate the NIR-
induced dynamics of C60 molecules is illustrated in Fig. 1. An NIR fs 
laser pulse with central wavelength of 800 nm ionizes the C60 mole-
cules to a degree that can be adjusted by varying the NIR laser inten-
sity. The NIR intensity was calibrated in situ using ion time-of-flight 
(TOF) spectra of ionized and fragmented C60 molecules. We monitor 
the structural rearrangement of the ionized molecules by time-
resolved x-ray coherent imaging using an intense fs x-ray FEL pulse 
at a photon energy of 1.8 keV. Scattering images for each time delay 
have to be averaged over thousands of shots due to the low scattering 
cross section of gas-phase C60 molecules. More details on the experi-
mental parameters can be found in the “Experiment” section under 
Materials and Methods, as well as the Supplementary Materials.

Since C60 molecules are spherical, we need a model that allows us 
to describe scattering off spherical objects to interpret our recorded 
scattering patterns. For this purpose, we perform Guinier fits to the 
averaged scattering patterns, a method that is routinely used in x-
ray scattering to determine the size of molecules. We followed the 
description by Guinier and Fournet given in section 2.1.2.6 of (27), 
where scattering off different geometrical objects is derived. More 
details can be found in the “Guinier fit” section in the Supplemen-
tary Materials. The scattering intensity I

(

q,R
)

 for a spherical object 
is given by

Here, q is the momentum transfer, R the radius of the scattering 
object, Vsph(R) the volume of the target sphere and ρe(R) =

N

Vsph(R)
 

the average electronic scatterer density of N scatterers. We can re-
write Eq. 1 introducing the Guinier amplitude A

which has a quadratic dependence to the number of scatterers N.
The spherical symmetry of C60 molecules in a strong laser field 

may be deformed to ellipsoidal with the symmetry axis being the 
laser-polarization direction. To account for deformation imposed 
by the laser pulse, we have used the Guinier fit for ellipsoidal objects 
in our analysis, where R becomes dependent of Rpol and Requ , the 
two radii of an ellipse (cf. the “Guinier fit” section in the Supplemen-
tary Materials).

We perform Guinier fits to the ensemble-averaged diffraction 
patterns for each 10 fs time bin. In particular for large NIR intensi-
ties, molecules fragment and the shape of each individual molecule 
will no longer be spherical or ellipsoidal for positive delays (cf. Fig. 1). 
However, because of the averaging over multiple thousands shots 
and thus many orientations of the molecular breakup pattern, we 
assume that the ensemble-averaged fragmentation pattern adds up 
to being spherical or ellipsoidal. The fitted Guinier amplitude A 
(Fig. 2, A to D) is proportional to the amount of scattered photons 
per solid angle and thus gives a measure of the degree of fragmenta-
tion and ionization of the molecules. A breakup of an intact C60 mol-
ecule into multiple moieties reduces the number of scatterers Ni per 
moiety and in turn the Guinier amplitude A , which is proportional 
to N2

i
 . The Guinier amplitude was normalized to that of intact mol-

ecules obtained for negative delays. The fitted Guinier radius R is 
proportional to the radius of the C60 molecules and was normalized 
to the ground-state radius, also determined from data taken for 
negative delays (Fig. 2, E to H). Figure 2 shows the delay-dependent 
Guinier amplitudes and radii for four different NIR intensities [re-
ferred to as perturbative ( 2 × 1013

W

cm2
 ), low ( 1 × 1014

W

cm2
 ), intermedi-

ate ( 2 × 1014
W

cm2
 ), and high ( 8 × 1014

W

cm2
)].

At the perturbative NIR intensity, no dynamical response is ob-
served in the experimental x-ray scattering patterns (Fig. 2, A and 
E). The corresponding TOF spectrum in Fig. 3C contains mainly C+

60
 

cations, but no charged fragments. While the TOF spectra can only 
give information about ions detected microseconds after the inter-
action has taken place, x-ray coherent imaging is sensitive to in situ 
structural changes of both neutral and charged particles. Thus, the 
absence of delay-dependent features in Fig. 2 (A and E) indicates 
that the molecular structure is not altered on a picosecond timescale 
irrespective of whether the molecules were ionized or remained 
neutral during the NIR interaction. At the low intensity, the mea-
surements of the Guinier amplitude as a function the delay, shown 
in Fig. 2B, provide a remarkably different view on the NIR-induced 
C60 dynamics than does the NIR-induced ion TOF spectrum shown 
in Fig. 3D. The TOF spectrum at the low intensity (Fig. 3D) might 
give the impression that fragmentation is already the dominant re-
laxation pathway given the amount of charged fragments. In con-
trast, the small drop of <30% in the Guinier amplitude (Fig.  2B) 
shows that the majority of molecules remains intact within the ob-
served delay range. This apparent discrepancy is explained by the 

I
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q,R
)
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(

q
)
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(

q,R
)
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(
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Fig. 1. Experimental scheme. An ensemble of C
60

 molecules is excited and ionized 
by an NIR pulse and probed by an FEL pulse via elastic x-ray scattering. Experimen-
tal scattering patterns at different delays Δt are shown for the intermediate NIR 
intensity. The inset contains three examples of computed structures resulting from 
the exposure to the NIR pulse.
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fact that the TOF measurement is substantially more sensitive to 
small charged fragments compared to fullerene species (28) and 
blind to neutral molecules and fragments.

From NIR intensities 1 × 1014
W

cm2
 , the Guinier amplitude drops 

for positive NIR pump–x-ray probe delays by an amount and at a rate 
that increases with the NIR intensity (Fig. 2, B to D). This is due to 
ionization-induced disintegration of a growing number of molecules. 
Between the low and intermediate intensity, the amplitude drop is 
particularly pronounced (Fig.  3A) and levels out afterward. The 
strong contrast from predominantly stable molecules at the low in-
tensity to mostly fragmented molecules at the intermediate intensity 
shows a behavior similar to ionization ignition in strong field–
ionized atomic clusters (29). There, ionization and consequently frag-
mentation is strongly enhanced when the laser intensity reaches the 

single ionization threshold: A burst of electrons, driven by the laser 
field, recollides multiple times and drives avalanche ionization via 
electron impact (30). The TOF spectra show a corresponding transi-
tion from a majority of stable Cn+

60
 and larger fragment ions at the low 

intensity to predominantly small ionic fragments ( C+
2
 , C+ , etc.) at the 

intermediate intensity (Fig. 3B). Both the intensity-dependent Guinier 
amplitude step widths (Fig. 3A) and the small fragments yield 
(Fig. 3B) show their steepest descent and ascent, respectively, in the 
region between low and intermediate intensity supporting the 
ionization-ignition analogy. In addition, Coulomb explosion driven 
by cascade hopping of electrons could contribute to the fast ampli-
tude drop (31).

At the high NIR intensity, the Guinier amplitude drops to the 
background level within ~100 fs, indicating that most molecules 

Fig. 2. Measured x-ray scattering signals as a function of NIR pump–x-ray probe delay. The normalized Guinier amplitude for the perturbative, low, intermediate and 
high NIR intensity (A to D) and the corresponding Guinier radii in units of the ground state C

60
 radius are plotted (E to H). Error bands indicate 1σ uncertainty (cf. the 

Supplementary Materials section “Uncertainty estimation”). Dashed blue lines mark the delays when the Guinier radii have increased to half of their maximal expansion 
and red dotted lines indicate the delays when the Guinier amplitudes have dropped to half of their respective minima.

Fig. 3. NIR intensity-dependent dynamics. (A) FWHM of an error-function fit to the delay-dependent Guinier amplitude for different NIR intensities. (B) Charge-state 
yields from TOF spectra of selected ion species as a function of the NIR intensity. (C to F) TOF spectra recorded with only the NIR laser at the (C) perturbative, (D) low, (E) 
intermediate, and (F) high NIR intensity. Characteristic fragments are labeled on top of the respective peaks. The progression of peaks toward the small TOF side of the C

60
 

cations corresponds to cations which have lost a single or multiple C
2
 fragments (11). The sharp peak between C+ and C+

2
 corresponds to H

2
O
+ from ionization of 

residual gas.
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within the x-ray focus disintegrate completely within that time span. 
The large contribution of small fragments and the presence of dou-
bly charged carbon ions in the TOF spectrum (Fig. 3, B and F) sup-
port a violent Coulomb explosion. The radius (Fig. 2H) expands 
simultaneously with the decreasing amplitude (Fig. 2D) until the 
size of the corresponding scattering patterns has reached the geo-
metrical detection limit imposed by the gap in the scattering detec-
tor (cf. fig. S4). Likewise, the simulated dynamics is dominated by 
fast Coulomb explosion, which manifests in a rapid reduction of the 
scattering amplitude and a corresponding rapid increase in the ra-
dius (Fig. 4, D and H). Details about our classical molecular dynamics 
(MD) calculations can be found in the “Theory” sections in Materi-
als and Methods and the Supplementary Materials. The calculated 
scattering signals were analyzed with the same fitting procedure as the 
experimental data including and masked with the detector geometry.

In the C60 dynamics, three cases can be identified: Bookended by 
the perturbative intensity, where amplitude and radius are both con-
stant, and the high intensity, where the Guinier amplitude decreases 
simultaneously with the increase of the radius, the transition region 
of the low and intermediate intensities is characterized by a more 
complex expansion dynamics: The Guinier amplitudes drop with a 
delay and slower than the radii expand. While the radii expand to 
50% of their respective maxima (marked as dashed blue lines in 
Fig. 2, F and G), the Guinier amplitudes drop by only 5% (Fig. 2B) 
and 10% (Fig. 2C) for the low and intermediate intensities, respec-
tively. Thus, the differences in the dynamics of the radius expansion 
and the amplitude drop are intensity dependent: For the low inten-
sity, the amplitude drops delayed by 430 fs (Fig. 2B) with respect 
to the radius expansion. Furthermore, the amplitude drop takes 
double the time [900 fs full width at half maximum (FWHM)] com-
pared to the radius expansion (450 fs FWHM) (Fig.  3A). For the 
intermediate intensity, the delay of the amplitude drop reduces to 
110 fs (Fig. 2C) and the expansion takes place within 140 fs, while 
the amplitude drops within 190 fs (Fig. 3A). The delayed drop of the 
amplitude with respect to the radius expansion indicates that the 
molecules undergo deformation and expansion before atomization 
sets in. In particular the small drop of the Guinier amplitude during 
the increase of the radius for the low intensity shows that the C60 
molecules can at most undergo a heavily asymmetric breakup into 
a large moiety and small fragments. Since the reduction of the am-
plitude scales linearly with the number of fragments for symmetric 
breakup (cf. section “Relation between Guinier amplitude and 
molecular fragmentation” in the Supplementary Materials), a de-
crease of the amplitude of less than a factor of two is only possible 

for asymmetric fragmentation. Thus, for the intermediate intensity 
where the amplitude drops by 50% after the initial radius expan-
sion, the most symmetric breakup possible is in two equally large 
moieties. The more likely scenario to reach the reduction by a fac-
tor two is however the formation of a large moiety during the expan-
sion, where the amplitude drops by only 10% at half rise and a further 
asymmetric breakup when reaching the maximal radius. Breaking 
bonds of the C60 cage will produce initially large pieces, reducing the 
coherent scattering intensity only slightly and slowly before smaller 
fragments are formed, a hypothesis which would be in agreement 
with the experimental observation.

The intermediate intensity shows a remarkable additional fea-
ture: Following the fast expansion by a factor 1.5 within ~140 fs the 
radius shrinks again with a time constant of ~155 fs to 1.2 times 
the initial value (Fig. 2G and the “Fitting procedures” section in 
the Supplementary Materials). The decrease of the radius sets in when 
the Guinier amplitude has already decayed to half of its minimum. 
The strongly decreased Guinier amplitude during the radius drop 
indicates that a large fraction of molecules has already broken up. 
Thus, the reduced radius is a signature of scattering off small frag-
ments. While is it likely that we excite Rydberg states, the observed 
MD can not be associated with the decay of these states since their 
lifetime is on the microsecond timescale (32).

The simulated Guinier amplitudes and radii (Fig. 4, B, C, F, and 
G) at large delays show good qualitative agreement with the experi-
ment indicating that the asymptotic fragmentation patterns are well 
reproduced by our calculations. For the intermediate intensity, also 
the expansion of the radius with subsequent decrease is reproduced 
albeit with a smaller maximal radius. The delayed and slowed down 
drop of the Guinier amplitude with respect to the radius is however 
not present in the simulations. The most notable difference between 
the simulation and the measured data is the complete absence of the 
breathing mode oscillation in the experiment. The simulation for 
the low intensity predicts a substantial peak-to-peak amplitude of 
the oscillation of up to 20% for the Guinier amplitude and up to 10% 
for the radius. For the intermediate intensity, the simulated ampli-
tude and radius (Fig. 4, C and G) are still clearly modulated by the 
breathing-mode oscillation but damped by fragmentation.

DISCUSSION
We have explored the underlying reasons for the discrepancy be-
tween the measured and predicted C60 expansion dynamics by 
adding ad-hoc terms to our classical theory model representing 

Fig. 4. Calculated delay-dependent scattering signals, masked with the same detector geometry and analyzed like the experimental data. The Guinier amplitude 
for the four different NIR intensities (A to D) are shown along with the corresponding Guinier radii in units of the ground state C

60
 radius (E to H). Dashed blue lines mark 

the delays when the Guinier radii have increased to half of their first oscillation maxima.
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possible effects that may arise through the interplay of a coupled 
quantum many-body electron-ion system. As low-lying quantum 
states cannot be included in the classical model, we approached 
their contribution in a statistical fashion by adding a constant heat-
ing term per time step to our MD calculations. This can be consid-
ered to represent a global energy increase of the molecules through 
interaction of the free (laser-driven) electrons with the ones still 
quantum-mechanically bound and contributing to bonding and 
thus strongly couple to the positions of the ions/nuclei. By doing so, 
we find an earlier onset of Coulomb explosion and stronger damp-
ing of the oscillation (cf. “Theory” section in the Supplementary 
Materials). Depending on the heating conditions, the oscillation can 
be completely suppressed. Our coarse-grained approach to include 
multi-electron heating as a factor is a first step in understanding the 
coupling of electrons to nuclear motion in a complex quantum sys-
tem, hereby studying its influence on the predicted breathing mode. 
By including this new mechanism in our modeling, we find that 
electronic heating on timescales faster than vibrations can suppress 
coherent internuclear motion. It may thus be the reason for the ab-
sence in the experiment with far-reaching implications for under-
standing and controlling in general complex systems exposed to lasers.

Most calculations have identified the excitation of the symmetric 
breathing (18) or the oblate-prolate (13, 20) mode to be the crucial 
step to efficiently couple electronic excitation to nuclear degrees of 
freedom in C60 , even under violent fragmentation conditions (14). 
Our experimental data shows no such periodic changes. Direct ex-
perimental evidence of the excitation of the breathing mode is 
sparse. It has been reported for a solid-state C60 sample (19) and in a 
gas-phase experiment, in the latter case by applying shaped laser 
pulses optimized to create vibrationally hot fragments (17). The in-
terpretation of other experimental results, like the complex frag-
mentation (15) or deformation (21) of C60 molecules in strong fs laser 
pulses, has been based on the dominant excitation of one vibration-
al mode. In contrast to the majority of previous gas-phase experi-
ments on C60 , which applied techniques highly selective to specific 
charged fragments, we image the response of the full ensemble using 
x-ray scattering. Our results suggest that the vibrational coupling is 
not as selective as proposed by theory.

The poor agreement of simulation and experiment at small de-
lays for the low and intermediate intensity shows that the current 
level of theory is not able to capture the complex multi-electron dy-
namics taking place during the interaction with a strong fs laser 
field. In particular, transient highly excited and ionized states, which 
decay via transfer processes faster than vibrational timescales, are 
not included in our calculations. Currently, a full quantum mechan-
ical treatment including all intramolecular relaxation processes is 
technically not feasible. Thus, our combined experimental and theo-
retical study on strong field–ionized C60 serves as ideal test ground 
to develop the necessary fundamental understanding of multi-
electron dynamics in highly excited polyatomic molecular systems, 
which are needed to control chemical reactions with laser fields.

In conclusion, we have imaged the strong field–induced dynam-
ics of an ensemble of gas-phase C60 molecules using fs time-resolved 
x-ray diffraction. In the laser intensity transition regime between 
mostly stable and violently Coulomb-exploding molecules, the MD 
is governed by a fast expansion, which facilitates disintegration of 
the molecules afterward. This experiment demonstrates the feasibility 
of imaging laser-driven MD, which, as a typically nonresonant ex-
citation process, triggers a plethora of different fragmentation 

processes and manipulates the system under investigation itself. Be-
cause of the low scattering cross sections of single molecules, our 
method required averaging over many shots and allows to retrieve 
only the structure of an ensemble of molecules. Similar ensemble-
averaged data have been used to observe photochemical reactions 
using hard x-ray scattering where methods for structure retrieval are 
under development [e.g., (23–26)]. In contrast, e.g., x-ray–induced 
Coulomb-explosion imaging allows to retrieve structural informa-
tion on a single-molecule level but is so far limited to smaller mol-
ecules and low laser intensities (33–35). Furthermore, x-ray imaging 
of strong field–driven MD as introduced here could be improved in 
the future by using nanofocusing technologies (36). Thus, this work 
lays the foundation to not only observe chemistry as it happens, 
but also to drive chemical reactions by intense laser fields using x-
ray diffraction as a probe.

MATERIALS AND METHODS
Experiment
The experiments were conducted at the Linac Coherent Light Source 
(37) at the AMO endstation (38) with a photon energy of 1.8 keV 
( λFEL = 0.69 nm ) and intensities of ∼1016 W

cm2
 . The collinear NIR 

( λNIR = 800 nm ) and x-ray beams were focused down to diameters 
of ~60 (FWHM) and ~20 μm (FWHM), respectively, and intersect-
ed the center of a C60 beam (Fig. 1). The NIR intensity was varied 
between 2 × 1013

W

cm2
 and 8 × 1014

W

cm2
 . C60 molecules were evaporat-

ed from an oven heated to 870 K, producing a sample density at the 
laser focus of ~1011 particles/cm3. After the interaction, both laser 
pulses passed through a gap in the large-area pnCCD detector that 
recorded the scattered x-rays. Scattering patterns were recorded as a 
function of the NIR-pump–x-ray-probe delay over a range of ±1 ps, 
where positive delays denote that the NIR pulses preceded the x-ray 
pulses (Fig. 2). Delay scans were repeated over 1 to 2 hours at 120 Hz 
repetition rate for each NIR intensity. The NIR intensity and the cor-
responding C60 ionization and fragmentation patterns were charac-
terized with an ion TOF spectrometer. An independent TOF-based 
NIR/x-ray cross-correlation measurement on N2 yielded an instru-
ment response function of 38 ± 3 fs (FWHM) with jitter correction 
using a time tool and was used to determine the time overlap (sec-
tion “Experimental procedures” in the Supplementary Materials). 
The pulse durations of the x-ray and NIR laser pulses were both es-
timated to be 30 fs.

Theory
The NIR-induced dynamics was calculated with classical MD simu-
lations describing the laser-driven motion of electrons and ions (cf. 
the section “Theory” in the Supplementary Materials). These calcu-
lations are based on empirical two- and three-body forces (39) aug-
mented by pairwise Coulomb interactions. Whereas the former 
account for the covalent bonds in C60 , the latter are essential for de-
scribing multiply charged C60 . With one active electron per atom, 
we include electron-electron collisions, electron screening of C ions, 
and Coulomb explosion of the ions. From the results of the MD calcu-
lations, x-ray scattering images were simulated using the experimental 
beam parameters and geometries and analyzed like the experimen-
tal data (Fig. 4). In addition, quantum dynamics simulations (cf. the 
section “Theory” in the Supplementary Materials) were carried out 
for the low intensity regime.
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