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S. Roither1 , X. Xie1 , M. Schöffler1 , D. Kartashov1 , L. Zhang1 , A. Iwasaki2 , H. Xu1,4 , S. Bubin3 , M.
Atkinson3 , K. Varga3 , K. Yamanouchi2 , A. Baltuška1 , and M. Kitzler1,a
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Abstract. Field ionization of hydrocarbon molecules to high charge states is studied as
a function of laser pulse duration, peak intensity and molecular alignment. Results are in
agreement with the recently proposed mechanism of multi-bond enhanced ionization.

Molecules subject to strong laser pulses may become ionized during their interaction with the laser
field. The details of the accompanying field driven internal electronic dynamics are still far from being
understood – in particular for the case of polyatomic molecules, e.g. [1]. After the removal of electrons
not only the charge density will redistribute very quickly within the molecule [2, 3], also the molecule
itself may undergo partly severe structural deformation. Eventually the multiply charged complex may
break into two or several charged fragments and the excessive molecular potential energy is released
into kinetic energy of the resulting set of final fragment ions.

Fig. 1. Measured energy spectra of protons created by the fragmentation of C2 H4 molecules following the interaction with 4.5 fs (a), 9 fs (b), 17 fs (c), long (FWHM) laser pulses with peak intensities (W/cm2 ) 2 × 1014 (full
lines), 5 × 1014 (dotted lines), 8 × 1014 (dashed lines). (d) Energy spectra of protons ejected from the doubly (full
line) and triply (dashed line) charged ion during two- and three-body fragmentations, respectively.

Recently it was found that the interaction of hydrocarbon molecules with ≈ 25 fs laser pulses at
moderate intensities of a few 1014 W/cm2 results in complete molecular fragmentation and the emission of protons with considerable kinetic energy [4]. Using multi-particle coincidence analysis it was
shown that the reason for the observed highly energetic protons is that the molecules reach unexpectedly high charge states (in excess of 10+ for C4 H6 ) during the laser pulse. Based on experimental
evidence it was suggested that a novel type of molecular ionization, i.e., a multi-bond version of the
a
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Fig. 2. (a) Ratios of the number of protons ejected from C2 H4 with energies exceeding 12 eV to the number of
all detected protons as a function of laser pulse duration for the three intensities 2 × 1014 W/cm2 (empty squares),
5 × 1014 W/cm2 (full squares), 8 × 1014 W/cm2 (empty circles). (b) Cut-off values of proton spectra, as defined in
[4], as a function of pulse duration, shown for the same three intensities and with the same symbols as in (a). The
lines are only to guide the eye.

well known enhanced-ionization (EI) mechanism [5, 6], is responsible for the surprising ionization
behavior.
In this submission we report on experiments that test this explanation. The experiments are based
on the fact that the EI mechanism necessitates a certain amount of time, as this mechanism involves
coupled fast electronic and slower nuclear motion. The determining nuclear motion for this mechanism
in the case of hydrocarbons is the very fast stretching of the C-H bonds, which is expected to take
place on a time-scale of 10 fs, to the critical internuclear distance at which EI occurs [5, 6]. In our
experiments we therefore use 4.5 fs laser pulses generated by spectral broadening of laser pulses from
a Titanium-Sapphire laser amplifier system and temporal recompression using chirped mirrors. The
pulses are directed into a COLTRIMS apparatus, where they are focused onto a cold supersonic jet
of ethylene, C2 H4 , and acetylene, C2 H2 , molecules. The three-dimensional momenta of the resulting
ionic fragments from a single molecule are recorded as described previously [4].
Measured proton spectra for ethylene are shown in Fig. 1 for three exemplary pulse durations
(4.5 fs, 9 fs, 17 fs) and three pulse peak intensities. Clearly, for a given intensity the proton energy
spectra extend to higher energies with increasing pulse duration, see Fig. 1. While for the shortest
pulse duration of 4.5 fs [Fig. 1(a)] the proton energies do not significantly exceed 10 eV even for the
highest intensity of 8 × 1014 W/cm2 (dashed lines), the proton energies extend up to 25 eV when the
pulse duration is increased to 17 fs [Fig. 1(c)].
The cut-off energy of the proton spectra can be related to the mean charge state of the ethylene ions
before fragmentation [4]. Using coincidence selection we extract the proton energy spectra created by
Coulomb explosion of doubly and triply charged molecular ions during two- and three-body fragmentations [Fig. 1(d)]. By comparing these spectra to those measured for the 4.5 fs pulse in Fig. 1(a) it
becomes evident that even at 8 × 1014 W/cm2 they are created by fragmentations from low charge
states. As the pulse duration is increased to 9 fs and further to 17 fs [Figs. 1(b) and (c)] both the proton
energy cut-off and the number of protons that reach higher energies increase. We can consider the
results for the 17 fs pulse as those of the long-pulse regime [4]. Indeed, the proton spectrum measured
with 8 × 1014 W/cm2 at this pulse duration shows a pronounced high-energy part that extends to similar energies in excess of 20 eV as measured previously [4]. For the smaller intensities the molecules
are only doubly or triply ionized, as we can see by comparing the proton energies to those of doubly
and triply ionized molecules shown in Fig. 1(d).
To understand the dependence of the ionization behavior on the laser peak intensity we plot the
number of protons with energies in excess of 12 eV normalized to the total number of protons for the
three different intensities as a function of pulse duration in Fig. 2(a). The border of 12 eV corresponds
to the energy that protons reach when they are created during complete fragmentation of the ethylene
molecule from charge states higher or equal of +6 [4]. Fig. 2(a) thus allows to follow the onset and
evolution of a complete molecular fragmentation as a function of time and intensity. A very similar
information can be taken from the cut-off value of the proton spectra, defined in [4], shown in Fig. 2(b).
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Fig. 3. Energy spectra of protons ejected from acetylene molecules as a function of the time delay between the
≈ 50 fs impulsive alignment pulse and the 4.5 fs ionizing pulse. The molecular axis is aligned parallel to the
polarization axis of the linearly polarized ionizing pulse with peak intensity of 7 × 1014 W/cm2 around 6.9 ps and
perpendicular around 7.3 ps.

Fig. 2(a) shows that for pulse durations shorter than 10 fs complete fragmentation of the ethylene
molecule is negligible even for the highest intensity. For long pulses around 20 fs complete molecular
fragmentations are observed even for intensities as low as 2×1014 W/cm2 , and at 8×1014 W/cm2 more
than half of all detected molecules are completely fragmented. These data confirm the proposed multibond EI mechanism [4]. Additionally, they provide new insight into the intensity dependence of the
ionization-fragmentation mechanism in a thus far unexplored temporal regime.
As ionization of molecules critically depends on their electronic orbital structure along the electron
emission direction, an interesting question in the multi-bond EI mechanism is its dependence on the
angle of the molecular axis to the polarization direction of a linearly polarized ionizing pulse. To
investigate this dependence we performed experiments on aligned acetylene molecules using impulsive
alignment by a preceding stretched ≈ 50 fs long pulse. Fig. 3 shows that the proton energy spectra
sensitively depend on the molecular alignment. Maximum probability of generating high charge states
and therewith high proton energies is found for parallel alignment.
In conclusion, we present experimental data that confirm the multi-bond enhanced-ionization
mechanism of polyatomic molecules that was proposed previously [4]. Additionally, we investigated
the dependence of this mechanism on the molecular alignment.
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