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We visualize and control molecular dynamics taking place on intermediately populated states during
different sequential double ionization pathways of CO2 using a sequence of two delayed laser pulses
+
+
which exhibit different peak intensities. Measured yields of CO2+
2 and of fragment pairs CO /O
as a function of delay between the two pulses are weakly modulated by various vibronic dynamics
taking place in CO+2 . By Fourier analysis of the modulations we identify the dynamics and show that
they can be assigned to merely two double ionization pathways. We demonstrate that by reversing
the sequence of the two pulses it becomes possible to control the pathway which is taken across CO+2
2+
+
+
towards the final state in CO2+
2 . A comparison between the yields of CO2 and CO /O reveals that the
modulating vibronic dynamics oscillate out-of-phase with each other, thus opening up opportunities
for strong-field fragmentation control on extended time scales. C 2016 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4939638]

I. INTRODUCTION

When a molecule interacts with a strong laser field
multiple ionization, i.e., the loss of two or more electrons,
may take place.1 Depending on whether the electrons are
removed from the outermost or from lower lying valence
shells during this process, the molecular ion will be created
in the ground or excited ionic states, respectively. The latter
are often dissociative. Thus, by selective removal of electrons
from either inner or outer valence orbitals the fragmentation of
molecules can be controlled. This idea has been successfully
implemented in experiments exploiting the dependence
of the electron-recollision energy on the carrier-envelope
phase,2 the different ionization rates from inner, respectively,
outer valence orbitals due to their different shapes3 and
their different sensitivity to laser intensity4 and pulse
duration.5
In a multiple ionization process, the final molecular
ionic state may be reached via different pathways along
intermediately populated ionic potential energy surfaces.4
Between each ionization step nuclear restructuring may take
place on the ionic potential energy surface(s) populated during
the previous ionization event. The further fate of the molecule
and therewith the outcome of a molecular fragmentation
reaction depend on the history of all electron removal
processes and on the delay between successive ionization
steps. For example, it was recently shown for triple ionization
of ethylene with laser pulses of different durations that a small
increase in the delay between the second and third ionization
steps determines whether the trication dominantly fragments
into two, respectively, three moieties.5 This behaviour could
be explained to be due to the further stretch of the C–H bonds
in the dication during this additional time.
a)Electronic mail: markus.kitzler@tuwien.ac.at
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Here, we report on experiments that generalize this
concept to arbitrary delays between two ionization events.
Using double ionization of CO2 as an example, we show
experimentally that two independent ionization events driven
by a sequence of two ultrashort laser pulses with different
intensity and an adjustable delay between them can be
employed to control the pathway towards the final state in the
doubly charged molecular ion. The different state transitions
within the molecule which are triggered by the two ionization
events are depicted by light- and dark-blue arrows in the energy
level diagram in Fig. 1. We demonstrate that by reversing the
sequence of the two pulses it becomes possible to control
the pathway which is taken across different intermediately
populated states in CO+2 towards the final state in CO2+
2 [X
vs. A in Fig. 1]. A weaker (stronger) first pulse results in
dominant ionization from the most weakly (more strongly)
bound valence levels and therewith into population of different
states in the cation (red-shaded energy region in Fig. 1). As
a result, different electronic and vibrational dynamics are
triggered on the different potential energy curves of CO+2 .
We show that by scanning the delay, ∆t, between the two
pulses, we can map these dynamics which take place on
the intermediately populated states in CO+2 at times t = ∆t,
exemplarily shown in Fig. 1 for the symmetric C–O stretch
motion RCO(t).
II. EXPERIMENT

In our experiments a sequence of two relatively delayed
25 fs (FWHM) laser pulses from a Titanium-Sapphire
laser amplifier system is generated using a Mach-Zehnder
interferometer with two 50:50 broad-band beam splitters
and a position-controlled piezo-stage for varying the delay
in steps of 4 fs. The pulse energy in one of the arms
was decreased by reflecting off a portion of the beam
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FIG. 1. Schematics of selected energy levels of CO2, CO+2 , and CO2+
2 . The
energy curves for CO2 and CO+2 are shown over C–O distance for the symmetric stretch vibrational mode. The energy curves for CO2+
2 , adapted from
Ref. 13, are shown for the distance between CO+ and O+. The curves of the
cation and neutral are taken from Ref. 14. To obtain a correct scaling of these
curves over C–O distance they were stretched by preserving their relative
sizes such that the neutral ground state matched the one in Ref. 15. Vertical
arrows depict transitions due to removal of an electron from either HOMO
or HOMO-1 (as indicated by shape, see legend). Light/dark color indicates
ionization by the weaker/stronger pulse, and full and dashed arrows indicate
the two pathways X and A, which are labelled after the state in CO+2 that is
populated by the first ionization event. See text for further details.
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using a pellicle under grazing incidence. The two beams
are then focussed collinearly in an ultra-high vacuum
chamber (∼1 × 10−10 mbar) of a reaction microscope6,7 onto
a supersonic gas jet of CO2 molecules using a spherical
silver mirror with a focal length of 60 mm. The polarization
directions of the two linearly polarized beams were parallel to
the spectrometer axis. Details on the experimental setup can
be found in our previous publications.2,8,9
Ions resulting from the interaction of one CO2 molecule
with a sequence of two pulses were guided to a time
and position sensitive channel plate detector by a weak
homogeneous electric field (10.5 V/cm). From all ions
detected in coincidence the three-dimensional momentum
vectors were calculated. Molecular fragmentation channels
were selected during the off-line data analysis by applying
momentum conservation conditions in all three dimensions.
The peak intensities of the pulses were estimated from the
shape of the time-of-flight spectrum of H2 dissociation10
measured for each laser beam separately and were found to be
1.7 × 1014 and 3 × 1014 W/cm2 for the weaker and stronger
pulse, respectively. Such obtained intensities werefound in
good agreement with those estimated from the 2 Up cutoff momentum of electrons released by field-ionization.11,12
The spectral cutoff was evaluated directly in the momentum
distribution of the CO+2 ions, which is possible because of
momentum conservation between the electron and the ion.
III. RESULTS AND DISCUSSION
A. Modulation of ionization and fragmentation yield
by molecular dynamics

Fig. 2(a) shows the measured yield of CO+2 and CO2+
2 ,
as well as the yield of the fragmentation channel CO+/O+ as
a function of the delay between the pulses in the range of

+
+
FIG. 2. (a) Measured yield of CO+2 , CO2+
2 , and CO /O
as a function of the delay between the two pulses. (b)
Zoom into a short delay-range of the CO2+
2 -yield with
statistical error bars added. (c) Delay-dependence of the
molecular alignment parameter ⟨cos2θ⟩ calculated from
the momentum vectors of the fragment ion pair CO+/O+.
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∆t = −1.3 · · · + 2.6 ps, where negative delays mean that the
stronger pulse arrives earlier. The yields are normalized to
the one of CO+2 at large delays. The measured traces of the
ionization and fragmentation yields exhibit several interesting
signatures on top of the dominant delay-independent signals
that are mostly caused by the stronger of the two pulses. It
can be seen that the yields are weakly modulated with various
frequencies that are different for positive and negative delays.
This is exemplified by the zoom into the yield of CO2+
2 shown
in Fig. 2(b). In the delay region around ∆t = 0, where the
two pulses overlap, the ionization and fragmentation yields
exhibit very strong modulations due to field-extinction and
-enhancement effects.
At ∆t ≈ 250 fs one can see a pronounced dip in the
CO2+
2 yield. This dip is attributed to the prompt feature in
the creation of a rotational wave packet in CO2 and CO+2
upon interaction with the weak first laser pulse.16–18 Owing
to the dependence of the ionization yield on the alignment of
the molecule relative to the laser field direction this leads to a
variation in the yield.19–21 To prove that this dip is caused by the
molecular alignment, we calculated the alignment parameter
⟨cos2θ⟩ from the momentum vectors of the fragment ion
pair CO+/O+, plotted in Fig. 2(c) over the delay. In perfect
2
agreement with the dip in the CO2+
2 signal, the value of ⟨cos θ⟩
increases shortly after the application of the weak pulse at
∆t = 0. It reaches its peak value at the same delay where
also the CO2+
2 yield minimizes and subsequently decreases
synchronously with the rise of the CO2+
2 -yield. Owing to the
angular dependence of the ionization probability of CO2, which
shows a minimum for molecules aligned parallel with the
laser polarization direction,19 the CO2+
2 -yield decreases with
increasing ⟨cos2θ⟩, for which the molecules exhibit smaller
angles with the laser polarization direction of the probe pulse.
After the prompt alignment feature, both the CO2+
2 yield and the ⟨cos2θ⟩ stay at a higher value than before
the application of the weak pump pulse. This can be explained
by the selection rules for Raman transitions between the
rotational states that are driven by the weak pulse and which
are the cause of the molecular alignment. These dictate a net
increase in J-values and therewith lead to a delay-independent
net alignment.22 This net alignment is the reason why the
CO2+
2 signal stays at a higher average value for ∆t > 500 fs.
With a rotational constant of 0.39 cm−1 for the neutral
molecule,23 the created rotational wave packet is expected to
revive after about 42 ps. As a consequence, even the quarterrevival is far outside the range of maximum delay of 2.6 ps set
in our experiment and we therefore should not expect to see
any signs of this rotational wave packet except for that of the
prompt feature. In the following, we will focus on the vibronic
dynamics which take place on the intermediately populated
potential energy surfaces in CO+2 under field-free conditions
sufficiently long after the interaction with the first laser pulse
as indicated by full vertical lines and arrows in Fig. 2.
B. Analysis of molecular dynamics
in the frequency domain

To obtain insight into these electronic and nuclear
dynamics, we analyzed the various weak modulations present
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in the yields in Fig. 2. To this end, we performed a Fourier
analysis of the yields in Fig. 2(a) for ∆t < −200 fs and
∆t > +500 fs, respectively. The resulting spectra for CO2+
2
and CO+/O+ are shown in Figs. 3(a) and 3(b), respectively.
With the given delay ranges the achieved spectral resolution
is about 2.6 meV and 3.5 meV for positive and negative
delays, respectively, for both the spectra corresponding to
+
+
+
CO2+
2 and CO /O . The Fourier analysis of the CO2 -yield
(not shown in Fig. 3) results in a spectrum with a single
clear peak around 22 meV for positive delays. The Fourier
+
+
spectra corresponding to the CO2+
2 and CO /O signals in
contrast contain several clearly visible peaks. The following
features are apparent in the spectra in Fig. 3: (i) The position
and strength of the peaks strongly depend on whether the
strong or weak pulse interacts with the molecule first. (ii)
+
+
Both the CO2+
2 and CO /O signals contain the same Fourier
components; however, the relative intensities of the peaks
strongly differ. Because CO2 is a molecule of importance
for both terrestrial and astronomical physics, it has been
thoroughly studied spectroscopically.13,14,23–27 Therefore, the
different spectral peaks that correspond to different vibronic
dynamics in CO+2 can be well identified by comparison to the
literature.

FIG. 3. Fourier transforms of the yield modulations from Fig. 2 for CO2+
2
(a) and CO+/O+ (b) for negative/positive pulse delays separately, encoded
23–26
by thick/thin lines, respectively. The literature values
of electronic and
vibrational transition energies of CO+2 are marked by lines and filled areas.
Transitions on the X-state (A-state) are marked in blue (yellow) and with
(without) an asterisk. Full and dashed lines indicate transitions due to electronic and bending dynamics, respectively. The range of transition energies
corresponding to symmetric C–O stretch vibrational dynamics on both the Xand A-states is indicated by filled areas. See text for further details.
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1. Weak pulse comes first

Let us start with the case where the weak pulse interacts
first with CO2 (∆t > 0). The spectrum corresponding to this
case [thin line in Fig. 3(a)] consists of two prominent peaks,
one at the low energy of 22 meV and the other one at
158 meV, corresponding to modulations in the CO2+
2 yield
with a period of about 188 fs and 26 fs, respectively. The
underlying oscillations are identified as vibronic dynamics
on the ground state (X 2Πg ) of CO+2 . The spectral peak
resulting from the fast oscillation coincides with the band
of transition energies corresponding to the symmetric C–O
stretch vibrational motion, and the low-energy peak that results
from the slower oscillation is attributed to beating dynamics
between the two electronic states X 2Π1/2g and X 2Π3/2g that
result from spin-orbit splitting of the doubly degenerate Xstate.24,26 The spectral peak at 22 meV in the CO+2 signal that
was mentioned above may therefore be understood as pathway
interferences in the ionization to the X 2Π1/2g and X 2Π3/2g
states during the first and second laser pulse. The focus of the
current study is, however, the double-ionization dynamics and
we therefore do not further analyze the dynamics leading to
the modulation in the CO+2 -yield. Electron removal from CO2
during the weak laser pulse, thus, results in the population of
the X 2Πg state of CO+2 , and the second, stronger pulse probes
the dynamics taking place on this state at the time t = ∆t by
ionization to CO2+
2 .
Since the X 2Πg state is the ground state of CO+2 , the first
electron must be removed from the HOMO of CO2. During
the second ionization event driven by the stronger pulse,
electrons can also be removed from lower valence shells of
CO+2 . For reasons that will become clear below it is sufficient
to consider electron removal from the HOMO and HOMO-1,
which results in the population of the ground (X 3Σg−) and
first excited states (a1∆g ) of CO2+
2 . Transitions between the
ground and first excited state of CO2+
2 by photon-absorption
after the preparation of CO2+
2 in its X-state can be neglected
due to spin selection rules. Thus, only the two ionization
steps are decisive for the molecular pathway. The such
identified molecular pathway towards CO2+
2 via population
of the X-state of CO+2 is denoted by X and indicated in
Fig. 1.

2. Strong pulse comes first

The spectrum corresponding to the case where the strong
pulse interacts first with the CO2 molecule (∆t < 0) [thick
line in Fig. 3(a)] is dominated by a spectral feature around
128 meV, corresponding to an oscillation period of 32 fs for the
center frequency. This spectral feature largely overlaps with
the band of transition energies corresponding to symmetric
C–O stretch vibrations on the first excited state (A2Πu ) of CO+2
indicated in Fig. 3(a).24,25 The band indicated in the figure
comprises the literature values of transition energies up to the
9th vibrational level of the electronic A-state.25 The band arises
because the vibrational transition energies become smaller for
higher lying vibrational states and therefore the spectrum
broadens towards smaller energies as higher vibrational levels
are populated. The spectrum was arbitrarily terminated at the
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9th vibrational level based on measured relative intensities.25
When normalized to the first vibrational level the progressively
decaying intensities stay above 10% up to the 5th and reach
about 1% for the 9th vibrational level.
To prepare CO+2 on the A-state and to launch vibrational
dynamics, the strong laser pulse must remove an electron
from the HOMO-1 of CO2. The subsequent weaker laser pulse
then probes this dynamics on the CO+2 A2Πu state and doubly
ionizes the molecule by removing an electron from the HOMO
of CO+2 , thereby preparing CO2+
2 in its first excited a-state.
This pathway for double ionization of the CO2 molecule is
marked with A in Fig. 1. The possibility of electron removal
from the HOMO-1 of CO+2 by the weak pulse can be excluded
because, on the one hand, the probability for this process is
significantly decreased due to the stronger binding energy and
the therewith reduced ionization rate.1 More fundamentally,
on the other hand this process would prepare CO2+
2 in an
excited state beyond the a-state, which is incompatible with
the observed fragmentation dynamics into CO+/O+, as will be
explained below.
C. Dynamical origin of yield modulations
and pathway selectivity
+
+
Modulations in the yield of CO2+
2 and CO /O can,
thus, be used for visualizing the ionization-induced molecular
dynamics. We would like to note, however, that the yield
is actually only the simplest quantity that can be analyzed
in a coincidence momentum experiment. More advanced
quantities such as angular distributions, or measures obtained
by exploiting the correlation between different quantities that
can be analyzed in experiments with better statistics than
in our experiment, may lead to still deeper insight into the
induced dynamics. The reason why already such a simple
quantity, the yield of the final ionic products, is a sensitive
measure for electronic beating and vibrational dynamics, is
that the strong-field ionization probability sensitively depends
on both molecular geometry and electronic structure.3,19,28 In
particular, the ionization rate is very sensitive to changes in
the electronic structure along the laser polarization direction,
as has been shown in experiments that probed the beating
dynamics between two spin-orbit states in the Ne+ ion.28
+
+
The observed modulation of the CO2+
2 and CO /O yields
at the electronic beating frequency on the spin-orbit split
X-state of CO+2 [Fig. 3] is attributed to such structure-induced
changes in the ionization rate. Likewise, vibrational dynamics
on both the X- and A-state of CO+2 leads to a change in the
effective ionization potential, I p , as the molecular geometry
changes. For the symmetric stretch vibrational mode shown
in Fig. 1, for both the X- and A-states the I p increases on
the order of 1-2 eV as the inter-nuclear distance stretches.
This translates into a noticeable modulation of the ionization
yield via the exponential dependence of the ionization rate
on I p .1
Changes in the effective ionization potential and therewith
in the ion yield due to molecular restructuring dynamics
can of course not only be induced by stretch vibrational
modes. The effective I p can change noticeably also for other
types of vibrational restructuring dynamics, e.g., for bending
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motion. However, as indicated in Fig. 3(a), the transitions
corresponding to bending dynamics are at significantly lower
energies than those of the symmetric stretch motion, and there
is no overlap of any of them with peaks in the experimental
data. The same is true for peaks corresponding to asymmetric
stretch motion (not indicated in Fig. 3). Additionally, the
Franck-Condon factors for populating levels corresponding
to the symmetric stretch vibrational modes are by far the
strongest ones.25,26 Consequently, the dominant vibrational
dynamics visible in the experimental data are the symmetric
stretch vibrational modes on both the X- and A-state of CO+2
[cf. the peaks at 128 and 158 meV in Fig. 3(a)].
Turning to beating dynamics between electronic states,
we note that the A2Πu state of CO+2 that is populated by
the strong pulse during pathway A is, like the X-state,
doubly degenerate. The two spin-orbit split states A2Π1/2u
and A2Π3/2u are separated by about 12 meV.24–26 Therefore,
one should expect that, similar to the observed beating
dynamics on the X-state, the strong pump pulse should launch
slow beating dynamics with a period of about 345 fs on
them. However, the experimental data do not show a clearly
resolved spectral peak in this energy range [cf. Fig. 3(a)].
A possibility for the absence of a clear peak may be that
the beating between these states and the change in electronic
structure due to it does not result in a pronounced enough
modulation of the CO2+
2 yield and thus renders our experiment
insensitive to beating between the A2Π1/2u and A2Π3/2u
states.
Finally, we discuss the reason of the observed switching
between pathways X and A depending on whether the strong
or weak pulse comes first. When the weak pulse comes first,
only dynamics on the X-state of CO+2 is launched and, as can
be seen from the Fig. 3, no peaks corresponding to dynamics
on the A-state are visible. To populate the A-state of CO+2 ,
the weak pulse should remove an electron from the HOMO-1
of CO2, which is by 3.5 eV more strongly bound than the
HOMO. Due to the exponential dependence of the ionization
rate on energy this additional binding energy leads to strongly
suppressed ionization from the HOMO-1. Therefore, the Astate is not or only very weakly populated when the weak
pulse comes first and the pathway marked by X in Fig. 1
becomes dominant.
In contrast, when the strong pulse comes first, Fig. 3(a)
shows that the spectral peaks at 22 meV and 158 meV,
corresponding to slow beating dynamics and symmetric stretch
vibrational dynamics on the X-state of CO+2 , respectively,
are absent. Only dynamics on the A-state of CO+2 can be
observed when the strong pulse comes first [cf. the peak
around 128 meV], although the strong pulse most likely also
causes ionization from the HOMO of CO2 (and not only from
the HOMO-1), which leads to population of the X-state of
CO+2 . However, the effective ionization potential for removing
an electron from CO+2 in its X-state (into the X-state of
CO2+
2 ) is by approximately 2–3 eV higher than for ionization
from the A-state (into the a-state of CO2+
2 ). By virtue of
the exponential energy dependence of the ionization rate this
effectively suppresses this transition and the pathway marked
by A in Fig. 1 becomes dominant when the strong pulse comes
first.

J. Chem. Phys. 144, 024306 (2016)

IV. PATHWAY CONTROL OF CO+/ O+
FRAGMENTATION DYNAMICS

The fact that the yield of the fragmentation products
CO+/O+ shows almost identical spectral features (albeit with
different relative intensities) and a very similar dependence
on the pulse sequence as the CO2+
2 -yield [compare Figs. 3(a)
and 3(b)], indicates that fragmentation reactions might also be
amenable to pathway-control demonstrated for CO2+
2 above.
In order to investigate this possibility we now turn to the
molecular pathways leading to the fragmentation products
CO+/O+.
We first note that both the ground (X 3Σg−) and the first
excited state (a1∆g ) of CO2+
2 are meta-stable [cf. Fig. 1],
and dissociation from either of the two states results in the
moieties CO+/O+.13 The a-state has, however, a significantly
higher dissociation barrier than the X-state. Higher lying
excited states also support the fragmentation reaction, but
their dissociation barriers are still higher13 and we therefore
neglect them in our discussion. The kinetic energy release
(KER) corresponding to fragmentation from the X-state of
+
+
13
CO2+
2 into the moieties CO /O predicted by simulations
ranges between approximately 5.2 eV and 6.2 eV, depending
on the vibrational state(s) from which the molecular ion
fragments. The lower value corresponds to fragmentation
from the ground vibrational state via tunneling through the
dissociation barrier, the higher value to dissociation just over
the barrier. Due to the deeper potential of the a-state, the
respective KER predictions13 for fragmentation on this state
range from 3.1 eV to 6.1 eV. However, as the dissociation
probability rapidly decreases with the barrier width, very low
KER values below roughly 4.5 eV are unlikely. The measured
KER distribution [Fig. 4(a)] is quite symmetrically centered
around 5.7 eV with a width of about 1.8 eV, independent
whether the strong or the weak pulse drives the second
ionization step. Thus, the measured KER values are consistent
with both scenarios, dissociation from the X-state and the astate of CO2+
2 . Comparison with the range of simulated KERpredictions indicates that the states are populated relatively
high up in energy, i.e., far away from their potential minimum,
such that the potential barriers can be overcome or tunneled
through with significant probability.

A. Analysis of modulations in fragmentation yield

Based on the findings gained from the KER distributions,
we now try to obtain insight into the molecular dynamics
leading to CO+/O+-fragmentations. First of all we note that in
our experiments we also observe fragmentation reactions into
CO+/O+ when only the strong pulse is applied. The application
of the additional weak pulse only slightly modulates the
CO+/O+-yield, as is also reflected by the fact that the CO+/O+yield in Fig. 2(a) is largely independent of the delay between
the weak and the strong pulse. The weak modulations of
the yield with delay become only apparent by the Fourier
analysis presented in Fig. 3(b), where the contributions of the
symmetric stretch vibrational motion on the X- and A-states of
CO+2 are reflected by the two peaks at 158 meV and 128 meV,
respectively.
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FIG. 4. (a) KER distribution of the fragments CO+/O+
for the two indicated cases. (b) Yield modulation of
+
+
CO2+
2 and CO /O over pulse delay obtained by inverse
Fourier-transform of the signal contained in the peaks
around 128 meV in Fig. 3 for the case when the strong
pulse comes first. (c) Same as (b) but for the peaks around
158 meV when the weak pulse comes first. The labels ∆t i
and ∆t o in (b) denote the pulse delays corresponding to
the inner and outer turning points of the C–O vibrational
motion. Tv indicates the full vibrational period of about
32 fs.

As mentioned, a noticeable influence of the stretch
vibrational motion, i.e., a noticeable modulation amplitude
on the CO+/O+-yield, necessitates that the X-state and
particularly the significantly more strongly binding a-state
of CO2+
2 are populated high up in energy. This is consistent
with the conclusion made above that vibrational states
up to the 9th level are populated during pathway A, for
which fragmentation can only proceed via the more strongly
binding a-state of CO2+
2 [cf. Fig. 1]. Population of high-lying
vibrational states on the X- and a-states necessitates that in
CO+2 the C–O bonds need to stretch far from their equilibrium
e
e
distance, such that |RCO − RCO
|, with RCO
the equilibrium
C–O bond distance, becomes large. The shapes of the
X- and a-state potential curves of CO2+
2 in Fig. 1 suggest
e
that, for a given value of |RCO − RCO
|, higher vibrational
states and therefore higher dissociation probability, denoted
by Γd in the following, are reached when CO2+
2 is populated
at the inner rather than the outer turning points of the
vibrational motion in CO+2 . For the outer turning points
Fig. 1 implies that the X- and a-state potential curves of
CO2+
2 should be populated somewhat lower in energy, i.e., the
dissociation probability should be smaller in these cases.
The observed yield of fragment ions CO+/O+ as a function
of delay is then determined by the product of Γd with the
probability for ionization of CO+2 to CO2+
2 . The latter quantity
is exponentially sensitive to the vertical energy difference
between the different participating states in CO+2 and CO2+
2
and therewith depends strongly on RCO and the exact shape
of the potential curves. It is therefore difficult to intuitively
predict the dependence of the yield of fragments CO+/O+
on RCO.

B. Phase of yield-modulations

To gain insight into the dependence of ionization and
dissociation on RCO and the underlying vibrational dynamics,
as well as on the branching of the molecular pathway into
+
+
CO2+
2 or CO /O , we filtered out the separate peaks in Fig. 3
and performed phase-preserving inverse Fourier transforms
for each of them. Sections of the resulting oscillations
+
+
in the time-domain of the yields of CO2+
2 and CO /O
connected with the two high-energy peaks (symmetric C–O
vibrations) on the A-state and X-state of CO+2 are shown
in Figs. 4(b) and 4(c), respectively. It can be seen that for
both pathways the yield of CO+/O+ is high when that of
CO2+
2 is low and vice versa and that both yields peak only
once per vibrational period, indicated in Fig. 4(b) with an
arrow.
For pathway A [Fig. 4(b)] the yield modulations of
CO+/O+ and CO2+
2 are exactly out of phase. This is also
the case for the yield modulations caused by spin-orbit
beating on the X-state (not shown in Fig. 4). These anticyclic yield modulations show that only one population
event of the a-state of CO2+
2 per vibrational period leads to
dissociation respectively production of stable CO2+
2 . Following
from the discussions in Sec. III, we may assume that the
population event that leads to dissociation takes place at
the inner turning point of the vibrational motion, i.e., when
RCO minimizes. With that assumption our experiment shows
that the dissociation probability at the outer turning point,
reached half a vibrational period later or earlier, minimizes.
As discussed above, this can be caused by a reduced
dissociation probability due to population of the a-state at
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lower energies. It follows that for this case the CO2+
2 ion
should be produced with higher probability, which is indeed
the case [cf. Fig. 4(b)]. In between the maxima and minima
+
+
of the yields of CO2+
2 and CO /O at the outer and inner
turning points, both yields reach average values. In principle,
the yield of CO2+
2 could also be expected to reach high
values at delays where the vibrational motion is sampled
e
around RCO
. A possible reason why this is not the case
could be a smaller ionization probability at this molecular
configuration.
The same picture is, in principle, applicable to the yieldoscillations observed for pathway X, in which the weak pulse
comes first and C–O vibrational dynamics takes place on
the X-state of the cation. In this case, however, the yields
+
+
of CO2+
2 and CO /O do not oscillate exactly out of phase
[cf. Fig. 4(c)]. A small phase deviation of about 30◦ away
from exactly out-of-phase is observed. The small deviation
might be explained by the fact that for this pathway, in
addition to the a-state, also the quite weakly binding X-state
of CO2+
2 can be populated by the second ionization step.
This opens up an additional possibility for dissociation and
therewith might permit dissociation for a larger range of
RCO values. In addition, the potential energy curve of the
X-state of CO+2 is notably more anharmonic than the one of
the A-state and its minimum is situated towards smaller RCO
values [cf. Fig. 1], which leads to a different dependence
of the vertical ionization potential on RCO as compared to
the A-state and therefore can also be the reason for the
different phase-relation in the oscillations of the yields of
+
+
CO2+
2 and CO /O .
Although the actual modulation depth of the yields
over ∆t is small [cf. Fig. 2], the fact that the probabilities for creating CO+/O+ respectively CO2+
peak at
2
distinctively different ∆t revealed by this analysis, thus,
demonstrates that a double-pulse scheme provides selectivity
for determining not only the pathways across intermediate
molecular states but also for controlling the fragmentation
behaviour of polyatomic molecules, therewith enhancing
the flexibility of previously investigated single-pulse control
schemes.4,5

V. SUMMARY

In summary, we have shown that sequential ionization
with two delayed pulses that exhibit different, appropriately
chosen peak intensities allows controlling the pathway across
intermediately populated states in CO+2 and the dynamics
taking place on these states. We demonstrated switching
between two pathways by exchanging the sequence of the two
laser pulses. The different molecular dynamics resulting from
this were visualized in the yield-modulations of CO2+
2 and
CO+/O+.
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