
Electronic Predetermination of Ethylene Fragmentation Dynamics

Xinhua Xie,1,* Stefan Roither,1 Markus Schöffler,1 Erik Lötstedt,2,‡ Daniil Kartashov,1 Li Zhang,1

Gerhard G. Paulus,3,4 Atsushi Iwasaki,2 Andrius Baltuška,1 Kaoru Yamanouchi,2 and Markus Kitzler1,†
1Photonics Institute, Vienna University of Technology, Gusshausstrasse 27, A-1040 Vienna, Austria, EU

2Department of Chemistry, School of Science, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

3Institute of Optics and Quantum Electronics, Friedrich-Schiller-University Jena,
D-07743 Jena, Germany, EU

4Helmholtz Institute Jena, D-07743 Jena, Germany, EU
(Received 14 October 2013; published 7 April 2014)

We experimentally investigate the dependence of the fragmentation behavior of the ethylene dication on
the intensity and duration of the laser pulses that initiate the fragmentation dynamics by strong-field double
ionization. Using coincidence momentum imaging for the detection of ionic fragments, we disentangle the
different contributions of ionization from lower-valence orbitals and field-driven excitation dynamics to
the population of certain dissociative excited ionic states that are connected to one of several possible
fragmentation pathways towards a given set of fragment ions. We find that the excitation probability to a
particular excited state and therewith the outcome of the fragmentation reaction strongly depend on the
parameters of the laser pulse. This, in turn, opens up new possibilities for controlling the outcome of
fragmentation reactions of polyatomic molecules in that it may allow one to selectively enhance or suppress
individual fragmentation channels, which was not possible in previous attempts of controlling fragmen-
tation processes of polyatomic molecules with strong laser fields.

DOI: 10.1103/PhysRevX.4.021005 Subject Areas: Atomic and Molecular Physics, Optics,
Physical Chemistry

I. INTRODUCTION

The fragmentation of a polyatomic molecule, potentially
preceded by isomerization processes such as proton migra-
tion [1], is of fundamental importance in nature. These
nuclear dynamical processes take place on multidimen-
sional potential energy surfaces and are driven by the
derivatives of these surfaces along certain reaction coor-
dinates. Before any nuclear motion sets in, however, much
faster electronic processes may take place. A fascinating
question is to what extent and by which mechanisms
electronic processes can dynamically influence or deter-
mine the outcome of the slower isomerization and frag-
mentation processes. Strong laser fields can be used to both
initiate and drive electronic dynamics on their natural, i.e.,
subfemtosecond, time scale. This potentially opens up the
feasibility of controlling molecular fragmentation proc-
esses by influencing the intramolecular dynamics of the

electron cloud with strong laser-electric fields. Indeed, it
has been shown that the outcome of fragmentation proc-
esses that start from ionic states of H2=D2 and CO can
be affected by the shape of the laser electric field (see
Refs. [2–5] and references therein). Recently, this type of
strong-field control of molecular fragmentation has been
further extended to polyatomic molecules [6].
In general, the key to controlling fragmentation and

accompanying isomerization processes in molecular ions is
to prepare them in specific dissociative states from which
the reaction proceeds through a desired fragmentation
pathway on multidimensional potential energy surfaces
towards a certain set of final fragment products, called a
channel. This can be achieved either during the ionization
process or by subsequent excitation processes during the
interaction with the laser field. The preparation of the
molecule in a specific dissociative state during the ultra-
short interaction of the laser pulse with the molecule, thus,
predetermines the potentially much slower isomerization
and fragmentation dynamics that can take place long after
the laser pulse has faded. Preparation of a molecular ion in a
certain dissociative excited state by ionization is possible
by removing specific inner-valence shell electrons [6–8]. It
has been shown that this type of preparation can be used to
predetermine molecular fragmentation on a laser-subcycle
time scale [6]. Excitation to higher ionic energy levels
during the laser pulse, on the other hand, can be achieved
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by field-induced transitions [9–12] or by electron recol-
lision [13–15]. In practice, a mixture of these excitation
mechanisms may be at work and their relative importance
may strongly depend on the laser pulse parameters, in
particular, on intensity and pulse duration [16,17]. In order
to extend light-field control of molecular fragmentation to
larger and more complex polyatomic molecules where a
variety of different dissociation pathways coexist, it is
necessary to enhance our knowledge about the coupling
between the fast field-induced electronic dynamics and the
resulting slower nuclear motion, and about the dependence
of these processes on the laser parameters.
Here, we report experiments on the polyatomic molecule

ethylene C2H4 dedicated to disentangling the contributions
of the ionization step and the subsequent field-driven
excitation dynamics to different fragmentation pathways
from the doubly charged ion. In particular, we show how
these two excitation mechanisms that predetermine the
fragmentation reactions of the molecule depend on laser
pulse intensity and duration. To this end, the experiments
employ pulses with durations ranging from the few-cycle
regime to 25 fs and intensities from 5 × 1014 to
2 × 1015 W=cm2. In this intensity range, double ionization
is dominated by a sequential dynamics, where two elec-
trons are removed one after another [18–20]. Coincidence
detection of the resulting fragment ions by ion momentum
imaging allows the reconstruction of the fragmentation
pathways along different dissociative excited ionic states.
The fragmentation of polyatomic molecules induced by

laser pulses has been the subject of extensive research for
decades. Hydrocarbons with their intrinsically very fast
intramolecular nuclear dynamicsof the light hydrogenatoms
or protons, which leads to a rich restructuring dynamics, are
particularly interesting andhavebeen the object of numerous
experimental studies, both using coincidence detection of
the molecular fragments [1,6–8,16,17,21–25] and without
coincidence detection [9,10,26,27].
In the presentwork,weobserve that the relative importance

of contributions to the fragmentation probability of a given
channel, either from the ionization step or from field-driven
excitations, strongly depends on both laser intensity and pulse
duration.Moreover,we show that not only the probability of a
givenchannel,buteven thespecificpathways that canbe taken
along the multitude of dissociative electronic states towards
this channel, are dependent on the laser pulse parameters.
Thus, by properly choosing pulse intensity and duration, it
becomes possible to steer the molecular dynamics along a
desired pathway in the phase space spanned by the nuclear
coordinates and momenta towards a certain set of final
fragment ions. This opens up new possibilities for controlling
the outcome of fragmentation reactions of polyatomic mol-
ecules in that it may allow one to selectively enhance or
suppress individual fragmentation channels, which was not
possible in previous attempts of controlling the fragmentation
behavior of polyatomic molecules [6].

II. EXPERIMENTS

In our experiments, we measured in coincidence the
three-dimensional (3D) momentum vectors of fragment
ions resulting from the interaction of a laser pulse with an
ethylene molecule using a cold target recoil ion momentum
spectroscopy (COLTRIMS) setup [28,29]. Details of the
experimental setup can be found in our previous publica-
tions [16,25,30]. In short, the laser beam, linearly polarized
along the spectrometer axis, was focused in an ultrahigh
vacuum chamber (∼1.3 × 10−10 mbar) by a spherical Ag
mirror with 60 mm focal length onto a supersonic gas jet
(∼170 μm in diameter) of ethylene molecules. The result-
ing ions were guided to a time- and position-sensitive
channel-plate detector by a weak homogeneous electric
field (23 V/cm). In the measurement, the momentum
resolution of ions along the laser polarization direction
(z axis) was about 1 a.u., while that along the jet
direction (x axis) and that along the laser propagation
direction (y axis) was about 4 and 2 a.u., respectively. Few-
cycle laser pulses were generated at a repetition rate of
5 kHz by spectral broadening of 25 fs (FWHM) laser pulses
with a spectrum centered around 795 nm from a Ti:sapphire
chirped-pulse laser amplifier system in a 1-m-long
hollow-core glass capillary filled with neon at a pressure
of several atmospheres. Temporal recompression of the
pulses after the capillary by several bounces from pairs of
chirped mirrors and subsequently passing them through a
pair of glass wedges for fine-tuning the dispersion results
in a pulse duration of ∼4.5 fs. The duration and intensity
stability of the pulses were monitored on a shot-to-shot
basis by a stereo-above-threshold-ionization phase meter
[31,32]. The pulse duration was varied between 4.5 and
17 fs by positively chirping the shortest pulses by propa-
gating them through different amounts of fused silica.
Pulses with a duration of 25 fs were used directly from the
chirped pulse amplifier system. The peak intensity of the
pulses in the measurement vacuum chamber was varied
from 2 × 1014 up to ∼2 × 1015 W=cm2 by reflecting the
beam off a thick fused silica block under different angles,
thereby changing the pulse energy. Calibration of the peak
intensity on target was done with an estimated precision of
�10% by separate measurements using single ionization of
argon atoms in circularly polarized light [33].

III. RESULTS AND DISCUSSION

Ethylene is a planar molecule, and the electron configu-
ration of its neutral state is ð1agÞ2ð1b1uÞ2ð2agÞ2ð2b1uÞ2
ð1b2uÞ2ð3agÞ2ð1b3gÞ2ð1b3uÞ2. As illustrated in Fig. 1(a), the
electron configuration of the HOMO ð1b3uÞ orbital is a π
state whose electron density is dominantly distributed
perpendicular to the molecular plane, whereas that of the
HOMO-1 ð1b3gÞ orbital is mainly distributed along the C-H
bond directions and that of the HOMO-2 ð3agÞ orbital
along the C-C bond. The vertical ionization potentials of
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removing one electron from these orbitals were predicted to
be 10.8 eV (HOMO), 13.2 eV (HOMO-1), and 15.0 eV
(HOMO-2) [34]. The double ionization potential of
ethylene into the ground ionic state of the ethylene dication
is 29.46 eV [35].
Nonsequential double ionization of hydrocarbon mole-

cules in a laser field was previously investigated by
mass spectroscopy, and it was found to be the domi-
nating process when the laser intensity is below a few
1014 W=cm2 [18–20]. The Keldysh parameter [36] indi-
cates that the double ionization step takes place dominantly
via tunneling when the laser peak intensity approaches
5 × 1014 W=cm2. In our experiments, we use intensities
equal to or higher than 5 × 1014 W=cm2, which places us in
the regime where double ionization dominantly happens
sequentially.
Earlier experiments with EUV radiation as well as

theoretical studies found that double ionization of ethylene
involving the removal of electrons from lower-lying orbi-
tals leads to the breaking of the central C-C or of one of
the C-H bonds [35,38,39]. By a coincidence analysis of
the measured data recorded during our experiments that
comprises the application of momentum conservation
conditions in all three spatial dimensions, we accordingly
identified for all pulse parameters the following two-body
fragmentation channels of the ethylene dication:

C2H
2þ
4 → CHþ

2 þ CHþ
2 ; (1)

C2H
2þ
4 → C2H

þ
3 þ Hþ: (2)

In addition, we identified the channel

C2H
2þ
4 → C2H

þ
2 þ Hþ

2 : (3)

We found that channel (3) shows similar momentum
distributions as channel (2), which indicates that it features
similar fragmentation dynamics. In the following, we will,
therefore, restrict ourselves to discussing the fragmentation
dynamics of the channels (1) and (2).
As discussed above, population of a dissociative excited

state in the dication, and therewith initiation of a fragmen-
tation reaction, can be achieved both by ionization from
lower-valence orbitals and by field-driven excitations tak-
ing place after or in the course of the ionization dynamics.
In the following, we first focus on identifying the con-
tributions of ionization from lower-valence shells to the
fragmentations through channels (1) and (2), and on
discussing their dependence on the laser pulse parameters.
Subsequently, we discuss the influence of field-driven
excitations.

A. Fragmentations induced by
lower-valence shell ionization

It has been shown for small (diatomic and triatomic)
molecules that strong-field ionization may not only take
place from the HOMO, but that during the ionization
process, electron density is also removed from the HOMO-
1 and HOMO-2 [40–44]. As compared to diatomic and
triatomic molecules, the energy gaps between molecular
orbitals are considerably smaller in polyatomic hydro-
carbons. Thus, the contributions from lower-valence orbi-
tals are expected to be more pronounced for ionization of
hydrocarbons. In addition, as the nuclear motion in hydro-
carbons exhibits many more degrees of freedom, a much
richer and more complicated electronic and nuclear dynam-
ics may be expected during (and after) the interaction with
the laser pulse.
Figures 2(a)–2(d) compare measured momentum distri-

butions of fragment ions from channels (1) and (2) for 4.5
and 25 fs pulses at an intensity of 5 × 1014 W=cm2. A clear
observation is that the angular momentum distribution
of channel (1) is anisotropic and peaks along the laser
polarization direction, whereas that of channel (2) is
isotropic. This can be seen even more clearly in the
normalized angular momentum distributions shown in
Fig. 2(e). The angular momentum distribution of channel
(3) was also analyzed and was found to be isotropic, similar
to that of channel (2). In our experiments, we also observe a
considerable number of hits from the ethylene dication.
This is because the lifetime of the metastable ground state
of the ethylene dication [see Fig. 1(b)], formed by remov-
ing two electrons from the HOMO, is sufficiently large
such that C2H4

2þ ions survive the flight time to the detector
with a high probability. Removal of electrons from lower-
lying molecular orbitals, on the other hand, will directly put
the dication into an electronically excited dissociative state,
which will lead to fast fragmentations of the dication.

FIG. 1. (a)Molecular orbitals of ethylenecalculatedbyGAMESS
[37] as described in the text. (b) Calculated PESs of ground (11Ag,
black line) and selected excited ionic states of the ethylene dication.
The 3B3u state is formed by removing one HOMO electron and one
HOMO-2electron, the 1B3g byremovingoneHOMO-1electronand
one HOMO-2 electron, and the 21Ag and 31Ag states are formed
by removing two HOMO-1 electrons and two HOMO-2 electrons,
respectively. The vertical black dashed line indicates the C-C
equilibrium distance of 2.53 a.u. The colored arrows (labeled by
I, II, and III) refer to the three fragmentationpathwaysof channel (1),
as discussed in the text.
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The ionization rate from a certain orbital strongly
depends on the relative orientation of the molecular orbital
to the laser polarization direction and follows the shape of
the electron density distribution of the respective orbital
[45,46]. The angle-dependent ionization rate for removing
a HOMO-2 electron thus peaks along the laser polarization
direction and parallel to the C-C axis, while that for
removing a HOMO electron peaks perpendicular to the

C-C axis. As a consequence, the anisotropic angular
momentum distribution of channel (1) with peaks along
the laser polarization direction indicates, first, that the
fragmentation process takes place from an excited ionic
state of the ethylene dication formed by ionization of at
least one HOMO-2 electron. Second, the strong anisotropy
indicates that the fragmentation happens fast as compared
to the rotational period of C2H4

2þ [21]. The isotropic
angular momentum distribution of channel (2) [and also
that of channel (3)], in contrast, suggests that the separation
of the two fragments takes longer than the rotational period
and happens long after the laser pulse has faded [35,47].
The fragmentation dynamics of channels (1) and (2), thus,
take place apparently on different time scales.
Our experimental results can be qualitatively explained

by the potential energy surfaces of excited ionic states of
the ethylene dication calculated by the quantum chemistry
simulation package GAMESS [37]. The excited states were
calculated by a full configuration interaction option, but
restricting the number of active electrons and orbitals. Two-
dimensional potential energy surfaces (PESs) of the neutral
and dication were calculated as a function of the C-C
distance and of one of the C-H distances. The ground state
of the ethylene dication (reached by removing two HOMO
electrons) is found to be a metastable state, which explains
the observation of the ethylene dication. Cuts through the
PESs along the C-C distance of several electronically
excited states of the ethylene dication are shown in
Fig. 1(b). These excited states can be reached directly
by the removal of one or two electrons from lower lying
molecular orbitals, as described in the figure caption. Cuts
of the PESs along the C-H distance (not shown) reveal that
the lowest electronically excited state that may lead to C-H
breaking, induced by removal of one HOMO-1 electron
and one HOMO electron, shows a shallow but thick barrier
along the C-H distance. Therefore, this state exhibits a long
lifetime, and dissociation of the ethylene dication along the
C-H bond is slow, in agreement with the experimental
finding of an isotropic angular distribution of Hþ ions
discussed above. On the other hand, the simulated PESs
reveal that the lowest electronically excited state
that leads to C-C bond breaking is the 3B3u state, which
is formed by removing one HOMO-2 electron together
with one HOMO electron, as shown in Fig. 1(b). Since the
electron density of HOMO-2 is mainly distributed along the
C-C axis, because of the angular sensitivity of the ioniza-
tion rate to the electron density distribution, among the
randomly oriented molecules in the gas sample, those
molecules with their C-C axis aligned with the laser
polarization direction are much more likely to become
doubly ionized through removal of at least one HOMO-2
electron. This explains the anisotropic angular momentum
distribution of channel (1) observed in the experiment.
As a cross-check for our interpretation of the measured

angular distributions of the fragmentation yields, we

FIG. 2. (a)–(d) Slices through the 3Dmomentumdistributions in
the yz plane (jpxj < 5 a.u.) for the indicated fragments from
channels (2) (a),(b) and (1) (c),(d). Pulse duration 4.5 fs (left) and
25 fs (right), intensity5 × 1014 W=cm2 for eachpanel, polarization
direction horizontal (z). (e) Normalized angular momentum dis-
tributions for channels (1) and (2). Pulse parameters as indicated.
Polarization direction horizontal. (f) hcos2 θi over pulse duration
for channels (1) and (2). Peak intensity as indicated.
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performed additional measurements with different laser
peak intensities and pulse durations. Figure 2(f) shows the
anisotropy of the angular distributions of the two channels
(1) and (2), characterized by the value hcos2θi, as a function
of pulse duration for different laser intensities. Here, θ is
defined as the angle between the ion momentum vector and
the laser polarization direction. It can be clearly seen that
the angular momentum distribution of channel (2) has no
dependence on either laser peak intensity or pulse duration
and stays isotropic (hcos2 θi ¼ 1=3) for all pulse param-
eters. This further confirms our explanation that the
fragmentation happens long after the laser pulse has faded,
with enough time for molecular rearrangement after the
double ionization. For channel (1), however, hcos2 θi
increases with increasing laser pulse duration. This can
be explained by postionization alignment [48]. With
increasing laser pulse duration, the effect of the postioni-
zation alignment becomes stronger, which, in turn, leads to
more anisotropic angular distributions and higher values
of hcos2 θi.

B. Influence of field-induced excitations

Now, we turn to study the importance of field-induced
excitation dynamics during and after double ionization
of ethylene. One additional observation for channel (1) is
that the value of hcos2 θi decreases from 0.61 to 0.52
with increasing laser intensity from 8 × 1014 to
2 × 1015 W=cm2, which contradicts the general trend
expected for postionization alignment [see Fig. 2(f)].
With higher laser intensity, the postionization alignment
effect should be stronger, which, in turn, should lead to a
larger hcos2 θi. To obtain insight into the reasons for this
observation, we analyze the kinetic energy release (KER)
spectrum of channel (1) for different intensities and pulse
durations. Figure 3(a) shows KER spectra of channel (1)
for three different laser intensities but the same pulse
duration of 25 fs. It can be clearly seen that with increasing
laser intensity the mean value of the KER of the fragmen-
tation increases from around 5 eV up to 7 eV. Additional
measurements for smaller intensities reveal that, in the
range of 2 to 5 × 1014 W=cm2, the KER stays at 5 eVand is
largely independent of the laser intensity and pulse dura-
tion. However, when the laser intensity is as high as
8 × 1014 W=cm2 or above, the KER of channel (1)
increases with increasing laser intensity. In contrast, the
KER values of the fragmentation channels (2) and (3) have
a mean value of about 4 eV and were found to be
independent of the laser intensity and pulse duration.
The dependence of the KER of fragmentation channel

(1) on laser intensity indicates that the fragmentation of the
C-C bond takes place via different pathways for different
laser pulse parameters. As discussed above, this may
involve the population of different initial dissociative
(excited) states by ionization from different lower-valence
orbitals and/or field-induced excitations to other excited

states by the action of the laser pulse. In the following, we
demonstrate that a combination of coincidence selection in
both energy and angular direction, i.e., in KER and θ,
enables us to uniquely identify the fragmentation dynamics
and therewith disentangling different contributions to the
overall fragmentation yield. As we show, breaking of the
C-C bond can take place via three different pathways
starting from dissociative excited states populated by
ionization from different lower-valence orbitals as well
as by field-induced excitations.
Figures 3(b) and 3(c) show KER spectra as a function

of θ for 5 × 1014 and 2 × 1015 W=cm2, respectively. The
opening of new pathways for the higher intensity becomes
apparent by the additional contributions at higher KER
and larger θ. The first step in disentangling the different
pathways is to identify the (lower-valence) orbitals from
which electrons are removed during ionization. As was

FIG. 3. (a) Normalized KER spectra of fragmentation channel
(1) for three different laser intensities as indicated. (b)–(e) An-
gular distributions over KER of CHþ

2 fragments from channel (1)
measured at the indicated laser intensities. (d),(e) Selections of
the angular distribution shown in (c) for jpxj < 15 a.u. (d) and
jpxj > 40 a.u. (e) in a plane parallel to the yz plane, with θyz the
angle to the z axis in this plane. See text for details.
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shown above, this information is encoded in the angular
distributions of the fragments. Thus, selection along the
angular direction can provide us with information about
the ionization process. Figures 3(d) and 3(e) show angular
distributions of channel (1) in a plane parallel the yz plane,
measured at a laser intensity of 2 × 1015 W=cm2, for two
different selections along jpxj. Cutting a slice from the
momentum sphere that contains the z axis, jpxj < 15 a.u.,
enhances the relative contributions of events that peak
along the laser polarization direction z; see Fig. 3(d).
Selecting a shell from the momentum sphere sufficiently
far away from its center, jpxj > 40 a.u., cuts away the
contributions that peak along the laser polarization direc-
tion; see Fig. 3(e). Three regions (marked I, II, and III in the
figures) can be clearly distinguished. Regions I and II with
a KER around 5 and 8 eV, respectively, both with narrow
angular distributions confined to close the laser polarization
direction, show up in the jpxj < 15 a.u. selection presented
in Fig. 3(d). Region III, visible in the selection jpxj >
40 a.u. presented in Fig. 3(e), has the same KER
around 8 eV as region II but exhibits isotropic angular
distribution.
First, we focus on the narrow angular distributions. As

was shown above, a narrow angular distribution (with large
hcos2 θi) peaking along the laser polarization direction
suggests the removal of at least one HOMO-2 electron.
Removal of one HOMO-2 electron and one HOMO
electron prepares the dication in the 1B3u state. This is
the lowest ionic state that can be reached by removing one
HOMO-2 electron, and is dissociative along the C-C
direction, as marked by the cyan arrow in Fig. 1(b). The
KER of this pathway is estimated from the theoretical
potential energy curves as about 5 eV, in very good
agreement with the measured KER of region I. Thus,
theory confirms that the fragmentation events in region I
originate from a pathway along a dissociative excited state
that is populated by removing an electron from both the
HOMO and the HOMO-2.
Removal of two electrons from the HOMO-2 can put the

ethylene dication onto the second lowest electronically
excited state that leads to the breaking of the C-C bond
(31Ag). From this state, it will dissociate through crossings
with the 21Ag and 1B3g states [Fig. 1(b)]. As the initial state
is populated by ionization from the HOMO-2, the angular
distribution of the fragment ions will still be narrow along
the laser polarization direction. However, fragmentations
along this pathway II [marked by orange arrows in
Fig. 1(b)] will lead to a higher KER. Thus, the additional
information on the ionization step provided by the KER in
addition to the angular distribution allows us to distinguish
the initial population of different excited dissociative
states. Theory predicts values of 8 and 9 eV, respectively,
for dissociation along the 1B3g and 21Ag states, which fits
the measured KER energy range for recorded events in
region II very well [Fig. 3(d)].

We now turn to the fragments in region III [Fig. 3(e)].
Their KER distribution is located around 8 eV (similarly to
that of the fragmentations in pathway II), but their angular
distribution is isotropic, which is a marked difference from
pathway II. The isotropic angular distribution indicates that
the fragmentation starts from an excited ionic state formed
by removal of electrons from the HOMO or HOMO-1. This
would prepare the ion into the metastable ground state or a
low excited state, which will not lead to breaking of the C-C
center bond. Thus, the pathway leading to the fragment
ions in region III must involve a field-induced excitation to
the higher excited state 31Ag induced by the laser pulse.
From there, it dissociates along the same PESs as pathway
II, leading to fragments with almost the same high KER as
pathway II.
Using the combined information provided by the KER

and the angular distribution of the fragment ions, permitted
us to distinguish the three different pathways contributing
to channel (1). We show above that these pathways are
initiated by the removal of electrons from different lower-
lying valence orbitals as well as by additional field-induced
population transfer to higher-lying excited states. A crucial
laser pulse parameter that controls the relative yields of
these three different pathways is the peak intensity. When
the intensity is 5 × 1014 W=cm2 or below, only pathway I
exists. With increasing intensity, the additional pathways II
and III are opened up [Fig. 3], as the ionization probability
from low valence shells (in our case, removal of a second
electron from the HOMO-2) increases, and field-induced
excitations to higher excited states become possible. As a
consequence, by adjustment of the laser pulse parameters,
selective control of the fragmentation channel and possibly
even the pathway by predetermining the dissociation
of a polyatomic molecule on the electronic level via
preparation in a specific electronically excited dissociative
state becomes feasible. A practical implementation of this
type of laser pulse control of fragmentation is discussed in
the following section.

C. Electronic predetermination
of fragmentation pathways

To demonstrate the selective fragmentation of a poly-
atomic molecule for the example of ethylene, we consider
the ratio between channels (1) and (2), i.e., the ratio
between fragmentation along the C-C and C-H bonds,
respectively. This ratio is shown in Fig. 4(a) over pulse
intensity. For low laser intensities, the relative probability
of fragmentation along the C-C bond is small and frag-
mentations take place dominantly via breaking of a C-H
bond. When increasing the laser peak intensity, the relative
probability of fragmentations along the C-C bond strongly
increases and becomes equally large to that of C-H
breaking at an intensity of 2 × 1015 W=cm2. As discussed
above, this is because, for the higher peak intensities, new
pathways from higher-lying electronically excited states of
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the dication (leading to higher KER) are opened up for the
fragmentation along channel (1), while the fragmentation
along channel (2) does not necessitate the removal of
electrons from low-lying valence orbitals (and therewith
no high intensities) nor is it possible to influence the slow
dissociation dynamics of channel (2) via field-induced
population transfer during the short laser pulse.
Finally, we consider using the pulse duration as a

parameter to control the fragmentation dynamics from
the ethylene dication. Clearly, both the ionization proba-
bility from lower-valence orbitals as well as the probability
of inducing field-induced excitations should depend on the
duration of the laser pulse. Figure 4(b) shows the ratio of
counts resulting from the fragment ions to those resulting
from the parent ion C2H

2þ
4 for peak intensities 5 × 1014 and

8 × 1014 W=cm2. For short pulse durations, the yield of
fragment ions exceeds the parent ion yield; i.e., the
probability of preparing the molecule in an excited dis-
sociative state is higher than preparing it in the ground state.
However, when the pulse duration increases from 4.5 to
9 fs, the ratio strongly decreases and becomes independent
of the pulse duration for longer pulses. A possible inter-
pretation for this somewhat counterintuitive behavior is that

longer laser pulses depopulate the doubly charged states
due to enhanced ionization [25,49–51] to higher charge
states. The pulse duration of 9 fs, where saturation levels
off, is thus related to the time that the C-H bonds need to
stretch from their equilibrium distance to the critical
internuclear distance, in good agreement with the C-H
bond vibrational period of about 10 fs. Details of the pulse
duration dependence of enhanced ionization of ethylene in
strong laser fields can be found in Ref. [52].
Importantly, however, the result shown in Fig. 4(b)

highlights that the population of electronically excited
states (due to both lower-valence ionization and field-
driven excitation) during the interaction of a polyatomic
molecule with an intense nonresonant laser pulse is not a
negligible process [8], even for the shortest laser pulses.
As the population of excited states initiates potentially
very fast molecular restructuring dynamics (such as C-H
stretch motion considered here), it must be considered for
any investigation of polyatomic molecules concerned with
probing structure using intense laser pulses, including
high-harmonic generation [53], laser-induced electron
self-diffraction [54], and particularly in the retrieval of
geometric information [22].

IV. CONCLUSION AND OUTLOOK

In conclusion, we investigate the dependence of the
fragmentation dynamics of different fragmentation chan-
nels from the ethylene dication on laser pulse intensity and
duration. By the analysis of the KER and the angular
distribution of fragment ions measured by coincidence
momentum imaging, we were able to disentangle the
different contributions of (i) ionization from lower-valence
orbitals and (ii) field-induced population transfer to the
overall yield of the different fragmentation channels. We
demonstrate that the relative importance of the different
molecular pathways along different dissociative electroni-
cally excited states, by which a particular set of final
fragmentation products can be reached, strongly depends
on the parameters of the laser pulse. Our work shows that
selective population of excited ionic states by controlling
intramolecular electronic processes (in particular, electron
removal from lower-valence orbitals and nonadiabatic
population transfer) with strong nonresonant laser fields
is an efficient and general method for selectively enhancing
or suppressing individual fragmentation channels. In this
work, we demonstrate a selective preparation of the
molecular ion in a certain excited state by exploiting the
sensitivity of lower-valence electron removal on the inten-
sity of the laser pulse. Application of this scheme for
fragmentation control is, however, by no means restricted
to the parameters intensity and duration that we use in this
work, but can straightforwardly be combined with the
carrier-envelope offset phase [2,6]. Probably even more
important, though—as ionization from certain (lower-
valence) orbitals can be enhanced (or suppressed) for a

FIG. 4. (a) Ratio of event numbers for channel (1) with respect
to those for channel (2) measured for a pulse duration of 25 fs as a
function of laser peak intensity. (b) Sum of event numbers in
channels (1) and (2) normalized to the detected counts of the
parent ion C2H

2þ
4 over laser pulse duration for the two peak

intensities 5 × 1014 W=cm2 (red) and 8 × 1014 W=cm2 (blue).
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given orientation of the molecule with respect to the laser
polarization direction—in this scheme laser alignment or
orientation of the molecule [55,56] can serve as a particu-
larly effective control parameter for the selective population
of certain dissociative excited ionic states and for obtaining
an enhanced channel selectivity. Experiments that exploit
this opportunity are under way.
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