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Abstract: The dissociative ionization of CO in orthogonally polarized femtosecond laser
pulses are studied in a pump-probe scheme. The ionization of CO by the pump pulse and the
dissociation of the created CO+ by the probe pulse can be fully disentangled by identifying the
photoelectron momentum distributions. Different from the dissociative ionization by a single
pulse in which the CO molecule mostly breaks along the field polarization, in this pumpprobe strategy, the CO+ ion created from ionization by the pump pulse is favored to dissociate
when it orients orthogonal to the polarization direction of the probe pulse. It is attributed to
the laser-coupling of various electronic states of the molecular ion in the dissociation process,
supported by the numerical simulation of a modeled time-dependent Schrödinger equation.
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1. Introduction
When exposed to a strong laser field, molecules may break via the dissociative ionization
which generally involves the ionization and dissociation processes depending on the
molecular orientations with respect to the light polarization [1–7]. For the single ionization of
a molecule, as described by the strong-field approximation [8] or molecular orbital
Ammosov-Delone-Krainov theories [9,10], and numerically simulated by solving the timedependent Schrödinger equation [11,12], electrons are favored to be freed by the laser field
pointing along the maximal density distributions of the ionizing orbital, i.e. selective
ionization of molecule with a given spatial orientation correlated to the orbital profile [13,14].
Although most of the models are based on the single-active-electron approximation by
assuming tunneling ionization from the highest occupied molecular orbital (HOMO) [12], for
a molecule with multiple electrons, e.g. electrons located in the next lower-lying orbitals, also
participate in the strong field single ionization [4–6,15]. Furthermore, the electron localization
assisted enhanced ionization [16] was identified to dominate the directional multiple
ionization processes, in particular for multicycle laser fields in which the molecule could be
stretched to the critical range of internuclear distance for multiple ionization.
Following the ionization, molecules may dissociate via laser coupling of various
electronic states. By assuming the dominant molecular orientation selectivity of the ionization
process, the emission direction of the ejected fragment ions of the dissociated molecule has
been used to reconstruct the profile of the ionizing orbitals [3,17]. However, as compared to
the ionization process, the dissociation itself assisted by the laser coupling also exhibits
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dependencies on the spatial orientation of the molecular axis. Take the dissociative single
ionization of H2 [18] as an example, the photon-coupled dipole transitions between the bound
and dissociating states dominate the observed emission directions of the H+, i.e. H2 is
preferred to be broken along the field direction at the instant of photon coupling even the
ionization process around the short equilibrium internuclear distance weakly depends on the
molecular orientation. The knowledge of the orientation dependence of the dissociation
process will certainly improve our understanding of the complicated dynamics of molecular
dissociative ionization in strong laser fields.
CO has been chosen as a prototype system for heteronuclear molecules of which the
dynamics have been widely studied when interacting with strong laser fields [19–22]. It is
known that the detailed electronic structures of molecules play decisive role in the strongfield-molecule interactions. In this paper, we experimentally investigate the strong-field
dissociative ionization of a multielectron system, i.e. CO, by identifying the ionization and
dissociation processes based on the electron-ion coincidence measurement in a pump-probe
scheme. Interestingly, by picking the ionization events triggered only by the pump pulse, we
find that the dissociation of the CO+ by the time-delayed probe pulse is favored for the
molecular ions orienting orthogonal to the polarization of the probe pulses. Our results
indicate the essential role of molecular orientation in the laser-coupling assisted dissociation
process when multielectron molecules exposed to intense femtosecond laser pulses.
2. Experimental setup
The experiments are performed in an ultrahigh vacuum reaction microscope of cold-target
recoil ion momentum spectroscopy [23,24], which allows us to measure the threedimensional momenta of the emitted electrons and ions from a single molecule in
coincidence. A beam of femtosecond laser pulse (25 fs, 795 nm, 10 kHz) from a multipass
Ti:sapphire amplifier is split into pump and probe arms by a beam splitter. The near-infrared
(NIR) pump pulse is reflected to a dichroic mirror by a series of high reflective mirrors. The
probe pulse is frequency doubled to generate the second-harmonic (SH) component in a 200μm-thick β-barium borate (BBO) crystal via the type-I phase matching. A motorized stage is
employed in the probe arm to precisely control the time delay. The NIR pump pulse and the
ultraviolet (UV) probe pulse are collinearly combined using a dichroic mirror. The copropagating beam travels along the x axis and is afterwards sent into the vacuum chamber and
be focused onto the molecular beam (propagates along the y axis) using a concave silver
mirror with a focusing length of f = 75 mm. The supersonic gas jet is generated by coexpanding a mixture of 10% CO and 90% He through a 30 μm nozzle with a driving pressure
of 1.5 bar. The intensities of the z-polarized pump pulse and the y-polarized probe pulse in the
interaction region are estimated to be 1.3 × 1014 and 8 × 1013 W/cm2, respectively.
We investigate the dissociative single ionization of CO, i.e. CO + qhν → C+ + O + e,
labeled as the CO(1, 0) channel. The whole processes can take place within one pulse (e.g. the
pump pulse), or the CO ionized by the pump pulse (CO + nhνpump → CO+ + e) can be
subsequently dissociated by the probe pulse (CO+ + mhνprobe → C+ + O). The latter case
allows us to disentangle the ionization and dissociation processes by coincidently detecting
the ejected electrons and ions generated in the ionization and dissociation steps, respectively.
To avoid the influence of the impulsive molecular alignment (rotational period T = 8.64 ps for
CO) excited by the pump pulse [25], the probe pulse is delayed by about 11 ps with respect to
the pump pulse. In fact, we note that any time delays out of the revival time windows of the
impulsive alignment induced by the pump pulse could work. In our measurement, the count
rate on the electron detector is around 0.24 electrons per laser shot with an ion-to-electron
count ratio of 0.4:1. The false coincidence is estimated to be ~10%. To further suppress the
electron-ion false coincidence, only the events with just one detecting electron are selected for
the data analysis. In the following, we will first study the dissociative single ionization of CO
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by a single beam of the pump or the probe pulses, and then disentangle the dissociation and
ionization processes by the pump-probe scheme.
3. Experimental results
Figures 1(a) and 1(b) present the momentum distributions of C+ from the CO(1, 0) channel
obtained from only one beam of pump or probe pulses. Both figures show more C+ events
along the polarization directions of the driving fields (denoted by the red and blue arrows,
respectively). This indicates that CO is preferred to be dissociative singly ionized when the
molecular orientation is parallel to the field polarization direction. The corresponding kinetic
energy release (KER) spectra of the nuclei are displayed in Fig. 1(c). Note that the kinetic
energy of the non-detected neutral fragment O is calculated based on the momentum
conservation of the breakup channel and is included in the KER of the CO(1, 0) channel.
Discrete KER peaks spaced by ~0.17 eV between 0 and 1.2 eV are observed for the CO(1, 0)
channel by the NIR pump pulse [26], which comes from the vibrational structures of CO+ in
A2Π or B2Σ+ states [see Fig. 1(d) for the potential curves of CO+].

Fig. 1. Momentum distributions of C+ of CO(1, 0) channel dissociative ionized by the unique
(a) 800 nm pump pulse (red arrow denotes the polarization of the driving field) and (b) 400 nm
probe pulse (blue arrow denotes the polarization direction). (c) The KER spectra of CO(1, 0)
channel for the pump (red solid curve) and probe (black solid curve) pulses, respectively. (d)
The potential energy curves of the involved electronic states of CO+ (calculation method is
described in [7,21]), where the gray bar indicates the Franck-Condon ionization region of the
ground state CO. The violet and orange arrows illustrate the transition pathways for the
dissociation of CO+ with molecular axis perpendicular and parallel to the UV field,
respectively.

As compared to the results from the NIR pump pulses, the KER of the CO(1, 0) channel
produced by a single beam of UV probe pulse can be distinguished in two regions, i.e. EL
region with KER <0.7 eV and EH region with KER >1.0 eV. As displayed in Fig. 1(b), the
angular distributions of the C+ for the EH region (the outer ring) is broader than that for the EL
region. It is because that the EL and EH regions are produced via different pathways [21,22].
The EH region is produced by removing one electron from HOMO-1 in the Frank-Condon
region of CO, which populates the A2Π state of CO+ and afterwards dissociates into C+ and O
via the D2Π state by absorbing two UV photons. On the other hand, the EL region is produced
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by removing a HOMO-2 electron at a large internuclear distance of stretched CO on the A1Π
state, which populates on the B2Σ+ state and afterwards dissociates via the 32Π or 32Σ+ states.
Due to the entanglement of the ionization and dissociation steps, the orientation
dependence of the dissociation process is hard to be distinguished in the measured angular
distributions of the ionic fragments from dissociative ionization by a single laser pulse. We
overcome this difficulty by exploiting an electron-ion coincidence measurement in a pumpprobe scheme [7]. The neutral CO molecule is singly ionized by the pump pulse and the
created randomly orientated molecular ion CO+ is afterwards dissociated by the time-delayed
probe pulse. The electron-ion coincidence measurement allows us to pick out the right events.
In detail, for the orthogonally polarized pump-probe laser pulses of different central
wavelengths and field intensities in our experiments, electrons released by the pump and the
probe pulses will show different angular distributions, which allows us to distinguish different
processes. As shown in Fig. 2(a), the electron freed by the pump pulse is mainly concentrated
within the white dashed ellipse along z axis (denoted as epump), while the electron in the red
dashed sectors along y-axis (denoted as eprobe) is mainly freed by the probe pulse. Since only
events with just one detected electron are selected, the observed CO(1, 0) channel correlated
to electrons in the eprobe region stands for events that both ionization and dissociation are
induced by the probe pulse. On the other hand, electrons in the epump region correspond to the
events of which ionization is induced by the pump pulse, while the created CO+ could be
dissociated into the CO(1, 0) channel either by the pump pulse itself or by the time-delayed
probe pulse.

Fig. 2. (a) The momentum distribution of electrons for CO(1, 0) channel in the pump-probe
experiment. Electrons distributed in white dashed ellipse (epump) and red dashed sectors (eprobe)
are released by the pump pulse and the probe pulse, respectively. The momentum distribution
of C+ ions for CO(1, 0) channel measured in coincidence with electrons in (b) eprobe and (c)
epump. (d) KER spectra of CO(1, 0) channel correlated to the momentum distributions in (b) and
(c) and KER spectrum of CO(1, 0) channel contributed by a single pump beam.

To extract the pump-ionization probe-dissociation events for the CO(1, 0) channel, we
analyzed the momentum distributions and KER spectra measured in coincidence with the
electrons in the eprobe and epump regions. The C+ fragment ions correlated to electrons in
different regions exhibit different momentum distributions, as displayed in Figs. 2(b) and
2(c). In Fig. 2(b), associated with the electrons in eprobe region, the C+ mainly emits along the
polarization direction of the probe pulse, i.e. along φC+ = 0° or 180°. The corresponding KER
distribution is plotted in Fig. 2(d) (red solid curve). Both the momentum distributions and the
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KER spectra are similar to the results obtained by a single probe pulse. The features induced
by the pump pulse are also encoded in the spectrum, represented by the KER peaks with
~0.17 eV interval. Interestingly, as displayed in Fig. 2(c), the momentum distribution of the
C+ ions associated with the electrons in the epump region (pump-ionization and probedissociation) dominate along φC+ = ± 90°, which is perpendicular to the polarization direction
of the probe pulse. The corresponding KER spectrum is plotted in Fig. 2(d) (black solid
curve). Comparing to the results obtained from a single beam of pump pulses [Fig. 1(a) and
the orange curve in Fig. 2(d)], the significant differences can be attributed to the events
involving pump-ionization and probe-dissociation processes. Noticeable signals with the KER
peaked at 1.1 eV and 1.3 eV are observed which are from the dissociation of the orthogonally
aligned molecular ions by the probe pulse. This enhancement in the C+ ion yield for KER >
0.9 eV can only be obtained when an electron in the neutral molecule is freed by the pump
pulse and gets a final momentum in the epump region [shown in Fig. 2(a)]. Besides, the
spectrum in the region of 0 to 0.9 eV is comparable to the one obtained from a single pump
pulse, implying that this part is mainly induced by the pump pulses.
4. Numerical simulations and discussions
In order to understand the pump-ionization probe-dissociation process, we firstly calculated
the ionization probabilities to different electronic states of CO+ by the strong-field
approximation [8]. According to our calculations, the initial population ratio in the X2Σ+ and
A2Π states of CO+ is about 100:1. The ionization probability of removing one electron from
HOMO (σ symmetry) of CO is maximal when the molecular axis is parallel to the laser field,
while removing one electron from HOMO-1(π symmetry) of CO the ionization probability is
maximal when the molecule axis perpendicular to the polarization of the laser field [13,14].
For the dissociation process, we numerically solved the time dependent Schrödinger equation
(for details of the model please see Ref [7].). We put the ground state of CO on the X2Σ+ and
A2Π states with a ratio of 100:1 and simulate the dissociation dynamics for an ensemble of
randomly oriented molecular ions in a UV laser field polarized along y axis. The calculated
momentum distributions and the KER spectrum are plotted in Fig. 3. In comparison with the
experimental results shown in Figs. 2 (c) and 2(d), the enhanced two spectral peaks above 1
eV [corresponding to the signal rings at radial momenta of about 30 a.u. in Fig. 3(a)] are
obtained. A qualitative agreement is reached here. In the simulations, the coupling between
the X2Σ+ and A2Π states of CO+ by the UV probe pulse is included. As illustrated by violet
arrows in Fig. 1(d), initialized from the X2Σ+ state of CO+, the nuclear wave packets climb a
ladder through X2Σ+ - A2Π - B2Σ+ - D2Π states by absorbing one-ωSH-photon in each step and
dissociates into C+ and O fragments.

Fig. 3. The calculated (a) momentum distribution and (b) KER spectrum of C+ for the CO(1, 0)
channel. The blue arrow in (a) denotes the polarization of the driving field.

Based on the transition selection rules, the laser field perpendicular to the molecular axis
triggers the transition between 2Σ+ and 2Π, while the field parallel to the molecular axis
induces the transition between all 2Π states. The energy difference between the 2Σ+ and 2Π
states is about one photon energy of the SH near the Franck-Condon region. The nuclear
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wave packets can climb a ladder through X2Σ+ - A2Π - B2Σ+ - D2Π states by absorbing oneωSH-photon in each step, i.e. the perpendicular transition as illustrated by violet arrows in Fig.
1(d). For the parallel transition, the nuclear wave packet propagating on the A2Π state
undergoes a two-ωSH-photon transition to the D2Π state, as illustrated by orange arrows in
Fig. 1(d). Transitions involving two-photon absorption are intrinsically less probable than the
single photon processes thus the ladder climbing process can result in a higher probability for
the perpendicular transitions. This explains the preferred dissociation for the orthogonal
orientated CO+.
The simulation results reveal the importance of laser coupling of various electronic states
for orientation dependent dissociation. The ionic molecular orientation is pre-selected by the
ionization process before the dissociation, which reduces the visibility of laser coupling of
electronic states on the eventually observed orientation dependence of the dissociative
ionization by a single laser pulse. Utilizing the pump-ionization probe-dissociation scheme,
we can disentangle the contributions of the orientation dependences in the ionization and
dissociation steps for the dissociative single ionization of CO.
5. Conclusion
To summarize, taking CO as a prototype, by disentangling the coexisting ionization and
dissociation processes, the orientation-dependent dissociation is observed, which clearly
demonstrates the feasibility of the strategy of disentangling the ionization and dissociation
steps. The qualitative agreement between quantum simulations and experimental results
explores the importance of intermediate states in the dissociative ionization of multielectron
molecules. Our technique by coincidently distinguishing electrons and ions released by pump
and probe pulses of various polarizations can be used to dig many interesting phenomena in
ionization and dissociation of complex molecules, and further to steer the molecular reactions
through selective pathways.
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