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In a momentum coincidence measurement experiment, we studied the three-body fragmentation dynamics of
carbon dioxide dimers in intense femtosecond laser fields. The three-dimensional momentum vectors and kinetic
energies of the fragments were recorded in a cold-target recoil-ion momentum spectrometer. An analysis shows
that (CO2)2

3+ breaks up into CO2
+ + CO+ + O+ ions through both concerted and sequential fragmentation

channels. These two fragmentation channels are consistent with the instantaneous and metastable dissociation
channels in the dissociation dynamics of CO2

2+ ion breakup into CO+ and O+ ions. From Coulomb explosion
imaging, our results show that, for the parallel sliding structure of the carbon dioxide dimer molecules, the angle
between the C=O bond and the van der Waals bond is 48◦, and the intermolecular nuclear distance R(CO2-CO2)
is 4.0 Å. By tracing the direction of the fragmentation ions, the O+ was found to be produced from the C=O bond
that is closer to the center of the C-C bond during direct dissociation. These results indicate that the dynamic
characteristics of the monomer is retained and gives rise to new dynamics in the molecular cluster complexes.
Finally, we have measured angular distributions of ion fragments produced by different dissociation channels of
(CO2)2, and the results reveal that the structure of the dimer and its relative orientation in the laser field govern
the ionization dynamics.

DOI: 10.1103/PhysRevA.99.053427

I. INTRODUCTION

For studying molecular interactions, gas molecular dimers
are ideal systems because the interactions between their weak
van der Waals and strong covalent bonds are complicated.
The properties of one monomer are affected significantly by
the presence of a neighboring molecule, despite being sepa-
rated by a large nuclear distance for which their interaction
would be expected to be weak. Prominent themes are charge
resonance enhance ionization [1,2], interatomic Coulombic
decay [3,4], and radiative charge transfer [5]. With these
complicated interactions in a cluster of molecules, identifying
precisely the dynamics of the many-body dissociation channel
within the cluster and reconstructing the geometry of the
cluster are big challenges.

Many-body fragmentation dynamics is very complicated
for a chemical complex composed of polyatomic molecules.
The development of coincidence measurement techniques
[6,7] ensures accurate studies of many-body dissociation dy-
namics of molecules induced by electronic collisions [8],
charged-ion collisions [9,10], or intense laser-pulse photoion-
ization [11–14]. With the presence of Coulomb repulsive
forces, the photoinduced multiply charged molecular ions are
usually quite unstable and quickly fragment. Recent studies
show that these molecular ions fragment into three or even
more particles in both a concerted and sequential fashion
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[11,15–19]. Whereas the concerted fragmentation channel
have all the fragmentation ions generated in a single kinetic
process, the sequential breakup process evolves stepwise
through an intermediate product having a certain lifetime.
From a different perspective, regarding the initial state of
a reaction process, the original molecular geometry is of
great importance in studying the molecular dynamics. The
geometric structure of molecules may be determined from
experiments using electron or x-ray diffraction [20], rota-
tional and vibrational spectroscopes [21], infrared spectrum
[22–24], and Coulomb explosion imaging [25–29]. In fem-
tosecond laser Coulomb explosion imaging, an intense laser
field rapidly strips away several electrons from the molecule,
and then the multiply charged molecular ion quickly breaks
up, before relaxation happens in the molecular structure. Thus
the instantaneous structure of the molecule may be visual-
ized in images obtained from the three-dimensional momen-
tum distributions of correlated fragmentation ions. However,
because of the complex characteristics of the many-body
fragmentation dynamics, the concerted fragmentation channel
must be clarified from experiments before using the method.

In this paper, we describe experiments concerning the
laser-induced triple-ionization dissociation of the van der
Waals complex (CO2)2 composed of two carbon dioxide
molecules. Carbon dioxide dimers have been extensively stud-
ied [30–33] after their first observation in 1961 by Bentley
[34]. It is a typical system in the investigation of inter-
molecular interactions of nonpolar multiatomic molecules. A
previous experiment claimed that the sequential fragmentation
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channel dominates in three-body fragmentation of (CO2)2
3+,

where the weak van der Waals bond breaks first and then one
strong covalent bond [35]. A three-particle breakup of a triply
ionized dimer (CO)2

3+ ion has been reported recently by Ding
et al. [19], who observed not only the slow dissociation of the
metastable CO2+ in the dimer, but also a rapid dissociation
that does not exist in the monomer. They found that the
ultrafast dissociation is a direct consequence of the weak
interaction between the two molecules in a dimer. However, in
our experiment, two distinct patterns of correlated momenta
of the fragments are observed and this indicates that con-
certed and sequential fragmentation channels both occur. As
a similar system, both concerted and sequential fragmentation
channels are found in the carbon dioxide dimer as well as in
monomer. Furthermore, the geometry of (CO2)2 was recon-
structed from the data of concerted fragmentation obtained
from Coulomb explosion imaging. Both the theoretical sim-
ulations [31,36,37] and infrared spectroscopy measurements
[38–45] indicate that the carbon dioxide dimer may exist
as a parallel-slipped or T-shape structure. Our results show
directly that ∠CCO = 48◦ and the intermolecular nuclear
distance R(C-C) is 4.0 Å in the parallel-slipped structure. A
clear physical image of the chemical bond breaking during
concerted fragmentation was revealed by tracing the motor
direction of fragment ions.

II. EXPERIMENT

Our experiment was performed on the platform of a mo-
mentum spectrometer (COLTRIMS system, RoentDek, Ger-
many) [6,7]. Dimers of the carbon dioxide molecules were
generated in the supersonic expansion of CO2 gas through a
30 μm nozzle with an 8 bars backing pressure. The linearly
polarized laser pulses were centered at 790 nm with pulse
duration of 25 fs and repetition rate of 10 KHz, delivered
by a Ti:sapphire multipass amplification system (Femtolaser
Produktions GmbH, Austria). A spherical mirror with a focal
length of 75 mm focuses the laser pulses onto the molecular
beam; the light intensity at the focus is estimated to be
4.5 × 1014 W/cm2. The fragmentation ions produced by the
dissociation of (CO2)2 in the laser field reach the delay line
position-sensitive detector of the microchannel plate, located
at the bottom of the detection chamber constrained and guided
by a uniform electric field of 44 V/cm. The three-dimensional
momentum of the ions can be reconstructed by the flight time
and position information of the ions that are recorded by the
detector. Therefore, a complete set of three-dimensional mo-
mentum vectors of the detected-ion fragments is determined
(See Fig. 1.)

We concentrated on the three-particle breakup channel
(CO2)2

3+ → CO2
+ + CO+ + O+. The two-particle breakup

channels, (CO2)2
3+ → CO2

2+ + CO2
+ and CO2

2+ →
CO+ + O+, were selected as well for referential purposes.
For the three-body fragmentation channel, three criteria were
applied to select the right events from numerous experimental
data. First, the events containing single ions of CO2

+, CO+,
and O+ were extracted; second, the sum of the momenta of
the three ions must be very small to meet the requirements of
momentum conservation: |pCO2

+ + pCO+ + pO+|<10 a.u.;
third, their relative momentum is sufficiently large:

FIG. 1. Schematic diagram of a COLTRIMS used for coinci-
dence measurements. The CO2 dimers were generated by the super-
sonic expansion of CO2 gas through a 30 μm nozzle with 8 bars
backing pressure. Electrons (blue spiral) and ions (green parabola)
produced by laser-induced ionization of the cold supersonic CO2 gas
jet, and detected in coincidence with the position sensitive detector
consisting of microchannel plate (MCP) and delay-line anode.

|pCO+ − pO+|>40 a.u. and |pCO2
+|>30 a.u., to eliminate

false coincidence events. The resulting fragmentation ions are
considered to be correlated and come from the same (CO2)2

dimer. The events for the other two channels are selected
under similar criteria.

III. RESULTS AND DISCUSSION

A. Dissociation channels

The photoion-photoion-photoion coincidence (PIPIPICO)
plot of the number of correlated events of the three-particle
fragmentation of CO2 in a supersonic molecular beam induced
by a strong laser field are shown in Fig. 2(a). The prominent
feature along the reverse diagonal is the distribution of the cor-
related flight times of the different particle triples. The bright
lines parallel to the coordinate axes are caused by false coinci-
dence events of monomer ions. Applying the above filter crite-
ria, the events corresponding to the three-particle fragmenta-
tion process (CO2)2

3+ → CO2
+ + CO+ + O+ were extracted

[Fig. 2(b)].
The momentum distribution of the fragmentation ion CO2

+
is shown in Fig. 3(a); the black circles are experimental data.
The CO2

+ ion momenta has a relatively wide distribution
with a double peak structure, suggesting that there are two
mechanisms. We fit the momentum distribution of CO2

+ ions
with a sum of two Gaussian curves [blue dashed line and red
solid line in Fig. 3(a)]. The central momentum and width of
these two peaks are quite different. The first peak (peak I)
centered at ∼140 a.u. extends from ∼125 a.u. to ∼155 a.u.,
whereas the other peak (peak II) centered at ∼120 a.u. ex-
tends from ∼70 a.u. to ∼170 a.u. From the fitted results,
all the data fall under one of two peaks: the narrow peak I
with 125 a.u. < |pCO2

+|<155 a.u.; the broader peak II with
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FIG. 2. Coincidence spectrum of the time of flight of three
correlated fragmentation ions for CO2 gas breakup using intense
femtosecond laser field, photoion-photoion-photoion coincidence
(PIPIPICO) plot. The X axis is the time of flight for the first
ion, whereas the Y axis is the sum of the time of flight for the
second and third ions. (a) All data of the three particle; the light
intensity is 4.5 × 1014 W/cm2. The prominent feature along the
reverse diagonal is the distribution of the time of flight of the three
correlated fragmentation ions. (b) Coincidence spectrum of time of
flight of the three correlated fragmentation ions from dissociation
channel (CO2)2

3+ → CO2
+ + CO+ + O+. The color bar indicates

the relative counts of events.

70 a.u. < |pCO2
+|<170 a.u.. Below 125 a.u. and above 155

a.u., all the data belong to the broader peak II. Between
125 a.u. and 155 a.u., peak I and peak II have significant
overlap. In order to better identify the two channels, we also
used the sum of kinetic energies of the CO+ and O+ as
the limiting condition. In the following, we identify peak I
as corresponding to the sequential dissociation and peak II
as corresponding to the concerted fragmentation sometimes
called the direct Coulomb explosion.

The 2D histogram of the momenta of the fragments in
the three-particle dissociation channel [Fig. 3(b)] shows the
direction of the momentum of CO2

+, denoted P‖ (also defines
the X axis), and the momentum vector of O+ ion, denoted pO+ ,
defining the positive direction of P⊥. The momentum of each
fragment is normalized to the momentum of the CO2

+ ion.
This plot is called the Newton diagram [46], a well-known
diagram that gives explicitly the angle of the momentum

FIG. 3. (a) Momentum distribution of CO2
+ ion: black cir-

cle line is the experimental measurement data; solid red and
dashed blue curves are the two Gaussian distributions of the
fit. (b) Newton diagram of all events from dissociation channel
(CO2)2

3+ → CO2
+ + CO+ + O+. (c), (d) Newton diagrams of the

events corresponding to peaks I and II, respectively. The correspond-
ing momentum of CO2

+ ion is (c) 125 a.u. < |pCO2
+ |<155 a.u. and

(d) |pCO2
+ |<125 a.u. or |pCO2

+ |>155 a.u.

vector of the correlated fragment ions in the center-of-mass
coordinate system. It also helps to identify the three-body
dissociation mechanism of molecular ions [10,47]. Newton
diagrams for the events in peaks I and II [Figs. 3(c) and 3(d),
respectively] give different distributions that indicate that
these peak events have different dissociation mechanisms. In
Fig. 3(c), the momentum vector distributions of the CO+ and
O+ ions are semicircular, indicating sequential fragmentation
of the (CO2)2

3+ ions for the events in peak I. In the first step,
the van der Waals bond in the (CO2)2

3+ ion breaks and pro-
duces a CO2

+ ion and a CO2
2+ ion. Then the two ions fly apart

under the Coulomb repulsive force; in the second step, and
when the two ions are far enough apart not to affect each other,
the intermediate CO2

2+ ion dissociates into a CO+ ion and an
O+ ion. The sequential fragmentation process corresponds to
a ring structure in the Newton diagram, and it indicates that the
angles between the momentum vectors of the three correlated
fragmentation ions have changed due to the rotation of the
intermediate product CO2

2+ ion in the process of propagation
and dissociation [10,35]. In contrast, the momentum vectors
of CO+ and O+ are centered at certain angles relative to CO2

+
ion for the events in peak II [Fig. 3(d)], indicating that the
dissociation of the (CO2)2

3+ ion is concerted fragmentation,
in which all three fragments are mutually correlated, and
therefore the CO2

2+ ion breaks up before the CO2
+ ion is

ejected.
The two mechanisms may be further distinguished from

the energy spectra. Figure 4(a) shows the total kinetic en-
ergy released in the three-particle dimer breakup process.
The dashed blue curve corresponds to peak I, the sequential
breakup channel, with a peak centered on 11.8 eV; the solid
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FIG. 4. (a) Total kinetic energy released in the three-particle
dimer breakup process. The dashed blue curve refers to the se-
quential breakup channel; the solid red curve refers to the con-
certed fragmentation channel. (b) Kinetic energy of CO2

+ ion in
the breakup channel (CO2)2

3+ → CO2
2+ + CO2

+ as a function of
the propagation time of the ion. (c) Kinetic-energy distribution of
CO2

+. The solid blue curve corresponds to the peak I process of
dimer dissociation and the dashed red curve corresponds to the
breakup channel (CO2)2

3+ → CO2
2+ + CO2

+. (d) Distribution of
the sum of kinetic energies of the CO+ and O+. The solid blue
curve indicates the obtained energy in the second step of the dimer
sequential breakup (peak I); the dotted green curve corresponds to
the peak II process (the same approach as for peak I); the dashed red
curve corresponds to the sum of kinetic energies of the CO+ and O+

generated by the breakup channel CO2
2+ → CO+ + O+.

red curve corresponds to peak II, the concerted fragmentation
channel, with a peak centered on 12.9 eV. The two chan-
nels released different total kinetic energies. The sequential
breakup channel of (CO2)2

3+ is further verified by analyzing
its two sequential steps with each event corresponding to a
two-particle breakup channel: (CO2)2

3+ → CO2
2+ + CO2

+
and CO2

2+ → CO+ + O+. To separate the energy released
at the different stages of the sequential dissociation, we
compared the energy released with that from the reference
dissociation channels [Figs. 4(c) and 4(d)].

Assuming that the process associated with peak I corre-
sponds to a sequential breakup, the kinetic energy of the CO2

+
ion produced in the first step of the corresponding dimer
dissociation and the CO2

+ ion generated by the explosion
channel (CO2)2

3+ → CO2
2+ + CO2

+ should be the same.
We plotted the kinetic-energy distribution of the CO2

+ ion
generated by different dissociation processes [Fig. 4(c)]. The
dashed blue curve corresponds to the peak I process of the
dimer dissociation and the solid black curve corresponds to
the breakup channel (CO2)2

3+ → CO2
2+ + CO2

+. The two
distributions fit very well. In addition, the sum of the kinetic
energies of CO+ and O+ obtained by dimer fragmentation
in the second step should also be the same as the sum of
kinetic energies of CO+ and O+ from the breakup channel
CO2

2+ → CO+ + O+. Figure 4(d) shows the distribution of
the sum of the kinetic energies of CO+ and O+ produced by
different dissociation processes; that is, the sum of the kinetic

energies of CO+ and O+ corresponding to peaks I and II is
the energy obtained by the second step of the dimer sequential
breakup. The solid green curve indicates that corresponding to
the explosion channel CO2

2+ → CO+ + O+, and the dashed
blue and the dotted red curves correspond respectively to the
dissociation channels of peaks I and II of the three-particle
breakup of (CO2)2

3+ ion. The specific kinematics requires
subtracting the energy obtained from the first step of the dimer
sequential breakup process from the final energy for both
CO+ and O+ ions; that is, subtracting the kinetic energy of
the CO2

2+ ion produced by the first step. From momentum
conservation, we only need to subtract the kinetic energy of
CO2

+ ion from the sum of kinetic energies of CO+ and O+.
To compare the energies of the two channels, we analyzed
the data of concerted fragmentation in the same way as for
sequential breakup, although concerted fragmentation is not
a single-step process. The distribution of peak I [Fig. 4(d)] is
consistent with the kinetic-energy distribution of the reference
dissociation channel, but the distribution of peak II deviates
from this reference distribution. Through a comparison of
the distribution of the kinetic-energy release, we found that
peak I in the three-particle breakup channel of (CO2)2

3+ ion
correlates with a sequential fragmentation, whereas peak II
corresponded to concerted fragmentation.

To estimate the time delay between the two steps in the
sequential fragmentation channel, we simulated the dynamic
process of breakup channel (CO2)2

3+ → CO2
2+ + CO2

+ us-
ing the Coulomb potential approximation. We assumed the
ion to be a point charge and the ion velocity to be zero when
dissociation initiates. The length of the van der Waals bond is
4.0 Å. Figure 4(b) shows the temporal evolution of the kinetic
energy of CO2

+ ion. The kinetic energy of this fragmenta-
tion ion reaches a maximum at around 1 ps. Therefore, the
lifetime of the CO2

2+ ion during the sequential fragmentation
of dimer ions (CO2)2

3+ exceeds 1 ps. In addition, the ring
structure of the Newton diagram [Fig. 3(c)] indicates that
the time interval between the two steps of the sequential
fragmentation exceeds the rotation period of the intermediate
product, CO2

2+ [48]. However, concerted fragmentation is
much faster and its dissociation time should be shorter than
1 ps.

The monomer CO2
2+ has been extensively investigated

as a model system of a metastable molecular dissociation
[49–53]. The monomer CO2

2+ ion breaks up through the in-
stantaneous dissociation channel and metastable decay chan-
nel CO2

2+ → CO+ + O+ [51], both with significantly differ-
ent dissociation times. The lifetime of these metastable decays
of CO2

2+ ion ranges from a few microseconds to tens of
microseconds [48,52–55]. For the instantaneous dissociation
channel, its dissociation time is difficult to observe because
the time window is limited. However, Wu et al. [51] observed
an anisotropic angular distribution of the CO+ and O+ ions in
the experiment that results from an instantaneous dissociation
channel in the intense femtosecond laser fields. The dissoci-
ation time is approximately 400 fs. In terms of dissociation
time, the two three-particle breakup channels of (CO2)2

3+
ions are consistent with the instantaneous dissociation channel
and the metastable decay channel of the monomer CO2

2+
ions. That is, the sequential dissociation of the dimer is
caused by the metastable decay of the monomer CO2

2+ ions,
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whereas the concerted fragmentation channel of the dimer is
essentially an instantaneous dissociation of monomer CO2

2+
ions. This indicates that the CO2

2+ ions retain the dynamic
characteristic of the monomer ions when they are placed in
equilibrium with the cations of a van der Waals complex.
For the metastable decay, Hogreve et al. [56] noted that
a tunneling is required through a potential barrier on the
potential-energy surface of the ground electronic state 3�−

g

of the CO2
2+ ion. Sharma et al. [55] calculated the dynamic

process of the CO2
2+ ion in the electronic ground state using

a time-dependent quantum-mechanics method and they found
states with lifetimes of greater than 7 ps. A more important
reason is slow intersystem crossing transitions from an excited
state to the triple state of the ground state and then a rapid
dissociation in the ground state [52]. As illustrated in Fig. 3(a),
the area of the two peaks represents the branching ratio of the
two dissociation channels. The ratio of the sequential breakup
to the concerted fragmentation is about 3:2. Their ratio is close
to 1:1 with a considerable overlap of the two peaks. In other
words, the branching ratio of metastable dissociation and
instantaneous dissociation is 1:1. These results demonstrate
that the probability of an instantaneous dissociation channel
and a metastable decay channel is almost the same when
the CO2

2+ ion is placed in the equilibrium cations of a
van der Waals complex. This is a consequence of the weak
intermolecular interaction in the dimer. The more essential
reason is the probability of metastable and fast dissociation
state is almost equal in the molecular vibration state caused
by laser ionization.

The measured energy released was 5.5 eV for the CO2
2+

breakup into CO+ + O+ ions in sequential fragmentation and
is close to the energy released (5.2 eV) for the ground-
state dissociation of the monomer CO2

2+. It follows that
the breakup of CO2

2+ is dissociated along the ground-state
potential-energy curve in the sequential fragmentation. In
Fig. 5, three sets of potential-energy curves for the CO+ + O+

interaction are given to help understand the dissociation pro-
cesses. The blue line is the ground-state potential curve of
CO2

2+ obtained using ab initio calculations, the red line is
the pure Coulomb potential of two point charges, the violet
curve is the ground-state potential curve of CO2 molecule,
and the green curve is the sum of the red and violet lines.
The blue line gives the fully relaxed CO+ + O+ interaction
after double ionization; the green line gives approximately
the CO+ + O+ interaction without electronic relaxation after
double ionization. The pure Coulomb potential can be used
to represent the CO+ + O+ interaction beyond 2.2 Å, where
the covalent interaction is negligible. Without electronic ex-
citations, the actual CO+ + O+ interaction potential curve
after double ionization should be between the green and blue
lines with a potential barrier of less than 2 eV at around
1.8 Å. If we assume the nuclear vibrational wave function
does not change during the electronic ionizations, the nuclear
vibrational state after ionization should be a superposition
of the ground state and a few excited vibrational states.
Therefore, the 5.5 eV measured dissociation energy of the
CO2

2+ ion is slightly higher than its ground-state dissociation
energy 5.2 eV. The dissociation process of the CO2

2+ ion is a
quantum tunneling effect through the potential barrier and the

FIG. 5. Potential-energy curve of the CO2
2+ ion, where r is the

distance between the center of mass CO+ and O+. The blue and
red lines correspond to the potential-energy curve of the ground
state X 3�−

g and the Coulomb potential curve 1/R, respectively. The
potential-energy curve of ground-state X 3�−

g comes from Ref. [57].
The violet line represents the ground-state potential-energy curve of
the carbon dioxide molecule; the green curve is the sum of red and
violet lines.

subsequent Coulomb explosion. Because the potential barrier
is low and narrow, quantum tunneling of excited nuclear
vibrational states is very fast and detected in the experiment as
a concerted Coulomb explosion of the three charged particles.
The quantum-tunneling rate of the ground nuclear vibrational
state is low and the complete decay of the state needs a
much longer time which has been detected in experiment
as sequential fragmentation. The measured ratio between the
concerted Coulomb explosion and sequential fragmentation
for the (CO2)2 are normally different from that for the CO2

molecule.

B. Geometry of the dimer and the angular distribution of the
fragment ions

In addition, we reconstructed the geometry of the carbon
dioxide dimer molecule from the concerted fragmentation of
the dimer. Many theoretical calculations show that the carbon
dioxide dimer exists in two forms: a parallel-slipped structure
and a T-shape structure. However, the structures observed
are different because dimers are produced in different ways
in the experiments having mainly infrared spectra [38–45].
However, the parallel-slipped structure of the carbon dioxide
dimer (Fig. 6) was only observed in the adiabatic expansion
of the ultrasonic molecular beam [38,40]. In the gas phase,
the most stable structure of the carbon dioxide dimer is the
nonpolarized parallel-slipped structure [42]. They obtained
for ∠CCO an angle of around 60◦ between the van der Waals
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FIG. 6. Parallel-slipped structure of the carbon dioxide dimer.
(a) We set up a plane rectangular coordinate system with the geomet-
ric center of the dimer molecule as origin. R is the distance between
the two carbon dioxide molecules, r is the length of the C=O bond,
and α is the angle between the broken C=O bond during concerted
fragmentation and the van der Waals bond. (b) Schematic diagram of
the HOMO orbitals of the dimer molecule.

bond (C-C) and the covalent bond (C=O); the intermolecular
distance R(C-C) is about 3.6 Å. From Fig. 4(d), the kinetic
energy released in a single peak structure indicates that the
dissociation occurs in a particular electron state [51]. How-
ever, CO2

2+ ion dissociates into CO+ and O+ ions in a variety
of electron states [57,58]. To simplify the model, we assumed
concerted fragmentation of the dimer in producing the dynam-
ics of the fragmentation ions and simulated the process using
the Newton iteration method applied to the Coulomb potential
model. When applying the intense femtosecond laser fields,
we assumed the dimer molecules quickly lose three electrons
and the three fragmentation ions are generated rapidly subject
to Coulomb repulsive forces. The initial velocity of each ion
is zero and the Coulomb repulsion force of the other two ions
is applied to the motion simultaneously. We set up a plane
rectangular coordinate system with the geometric center of the
dimer molecule as origin, as shown in Fig. 6(a). We obtained
the intermolecular nuclear distance between two CO2 is 4.0 Å
by breakup channels (CO2)2

3+ → CO2
2+ + CO2

+. We sub-
tract the energy released by the van der Waals bond breakup
from the total energy released in the concerted fragmentation
process to obtain the energy released by the C=O bond
breakup. The initial bond length r is 2.2 Å, determined by
E = 1/r, where r is the distance between the center of mass
CO+ and O+. The simulation time was set long enough to
ensure the three fragmentation ions were far enough apart and
the initial potential energy was converted into the final kinetic
energy of the fragmentation ions. In the experiments, we
measured the angle θ between the momentum of the final state
of the three correlated fragmentation ions generated through
concerted fragmentation [Fig. 3(d)]. The results of the angle

FIG. 7. (a) Experimentally measured angle between the momen-
tum of the final state of the three correlated fragmentation ions gen-
erated through concerted fragmentation. (b) Simulated relationship
between angle θ and angle α between the van der Waals bond and
the C=O bond by using the Coulomb potential model θ = 82.5◦

corresponds to α = 48◦.

statistics are shown in Fig. 7(a). We simulated the functional
relationship between angle θ and angle ∠CCO [marked as
α in Fig. 6(a)] between the van der Waals bond and the
C=O bond using the Coulomb potential model [Fig. 7(b)].
We set the dimer angle α from zero to 180◦ with increments
of 0.5◦ and for each α the angle θ between the momenta
of the three fragmentation ions were obtained, as shown in
Fig. 7(b). From the results of our experimental measurements,
θ = 82.5◦ corresponding to α = 48◦ and R(C-C) = 4.0 Å.

In addition, our data show evidence of the fragmentation
ion O+ coming from the side α < 90◦, with α being the angle
between the broken C=O bond and the van der Waals bond.
That is, the weak interaction affects the breakup of the C=O
bond pointing to the carbon dioxide nearby. In the carbon
dioxide dimer, the van der Waals bond affects the strong-
field ionization processes via its role in the geometric con-
formation. The van der Waals bond coupling the two carbon
dioxide molecules together form a relatively stable parallel
sliding structure in our experimental conditions and hence the
shape of the molecular orbital of dimer is determinate and
affects the ionization probability. A schematic diagram of the
HOMO orbitals of the dimer molecule are shown in Fig. 6(b)
(GAUSSIAN09, MP2 combine cc-pvqz) using red and green
to distinguish the two degenerate orbitals on the two sides
of C atoms. Because of the much larger ionization potential
for ionizing of the second electron from the same molecular
orbital, the double ionization is most likely to happen with
two electrons being ionized from two well-separated orbitals
of different colors in the pair of carbon dioxide molecules.
This can be found in the following angular distribution of
the (CO2)2

2+ → CO2
+ + CO2

+ dissociation. The positive
charges left by the two ionized electrons are localized on the
outermost covalent (C=O) bonds of the two molecules and
prompt a third ionized electron from the inner side covalent
(C=O) bond of one of the carbon dioxide molecules. The
strong combination of Coulomb repulsive forces from both
sides draws the O+ ion closer to the geometric center of the
dimer, which then dissociates from the molecule.

It is well known that the ionization of a molecule in
an intense laser field usually depends on the orientation of
the molecular axis relative to the laser field [1,2,59–65].
The orientation-dependent strong-field ionization of a cluster
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FIG. 8. Angular distributions of fragmentation ions generated by
different breakup channels in our linearly polarized light. (a) For
(CO2)2

2+ → CO2
+ + CO2

+. (b) For (CO2)2
3+ → CO2

2+ + CO2
+.

(c) CO2
2+ → CO+ + O+. (d) The angular distributions of the ion

pair (CO+, O+) (red square) and the CO2
+ ion (blue point) for

(CO2)2
3+ → CO2

+ + CO+ + O+.

of N2Ar has been reported previously by Wu et al. [66],
who observed that the orientations of different bonds with
respect to the laser field polarization vectors alter their roles
in producing various channels. We discuss the correlation
of the structure of the carbon dioxide dimer to its rela-
tive orientation dependent ionization in the laser field. In
Fig. 8, we plot the angular distributions of fragmentation
ions generated by different breakup channels in our linearly
polarized light. The multiple ionizations of molecules can
be produced by both sequential field ionization as well as
nonsequential recollision ionization. Multiple field ionization
occurs most likely on different site nearly degenerate orbitals,
while the recollision ionization can happen on the same
site or different site orbitals depending on the collisional
ionization cross sections of the corresponding orbital. The
angular distribution of fragmentation ions generated by the
Coulomb explosion channel (CO2)2

2+ → CO2
+ + CO2

+ is
shown in Fig. 8(a); its peak value is around 50◦. The double
ionizations occur on two different molecules in the dimer
and are most likely direct laser field ionizations. The results
show that the dissociative double ionization probability is
highest when the angle between the orientation of the van
der Waals bond and the polarization direction of the laser
field is 50◦. The angle between the van der Waals bond and
the C=O bond that we obtained above is 48◦, and the result
from this angular distribution indicates that the occurrence
of the dissociative double ionization is dominated when the
carbon dioxide molecules in the dimer are distributed along
the axial direction of the laser polarization. In this instance,
the final dissociation occurs from the two-site double ioniza-
tion of the carbon dioxide dimers. The angular distribution
peak of fragmentation ions generated by the breakup channel
(CO2)2

3+ → CO2
2+ + CO2

+ is around 20◦, and there is a

considerable distribution around 0◦ [Fig. 8(b)]. In this case the
double ionizations of the CO2

2+ ion cannot be on both sides
of the C atom and are most likely produced by the recollision
ionization of two electrons from the same side of the CO2

molecule. As is seen from the molecular orbital of Fig. 6(b),
one potential scenario of electron ejection is to order one field
ionized electron from each of the C=O bond sites of the two
molecules that is farthest from the geometric center of the
dimer, and a third electron ionized from one of the same two
C=O bonds by recollision of one of the field ionized electrons.
Figure 8(c) shows the angular distribution of fragmentation
ions generated by concerted fragmentation of the three-body
breakup channel (CO2)2

3+ → CO2
+ + CO+ + O+. In this

case, the triple ionizations occur on three different bonds and
could be produced by both sequential field ionization and
nonsequential recollision ionization. We showed the relative
momenta of the ion pair (CO+, O+) and the departing CO2

+.
The angular distributions of the ion pair (CO+, O+) and
the CO2

+ ion show that the concerted three-body breakup
is mostly created with the covalent bond (C=O) along the
polarization direction of the laser field. For our linearly po-
larized light, the angular distribution is distributed along the
laser polarization of fragmentation ions generated by the dis-
sociative double ionization channel CO2

2+ → CO+ + O+ of
the monomer carbon dioxide; see Fig. 8(d). The results reveal
that the orientation of the covalent bond of carbon dioxide
contained in the dimer parallel to the laser field dominates the
concerted fragmentation.

IV. CONCLUSION

Our results suggest that triple-ionization-induced three-
body breakup of carbon dioxide dimers by intense femtosec-
ond laser beam occurs through two mechanisms: the sequen-
tial fragmentation and concerted breakup. For the sequential
fragmentation, the van der Waals bond of (CO2)2

3+ ion was
first broken up to generate the CO2

+ ion and the intermediate
CO2

2+ ion, and then the CO2
2+ ion further dissociates to

produce the CO+ and O+ ions. In a concerted breakup, the van
der Waals inter- and covalent bonds C=O break simultane-
ously; the (CO2)2

3+ ion almost produces three fragmentation
ions at the same time. We propose that the origin of the
two channels arises from the instantaneous dissociation and
metastable decay of CO2

2+. This implies that the CO2
2+

ions retain the dynamic characteristic of the monomer ions
when placed with equilibrium cations of a van der Waals
dimer. Nevertheless, the ratio of the two channels changes
as a consequence of the weak intermolecular interaction in
the dimer. Given the rates of concerted fragmentation, we
simulated the dynamics of the fragmentation ions using the
Coulomb potential model. We obtained a clear structure of the
carbon dioxide dimer molecules, specified by α = 48◦, and
R(C-C) = 4.0 Å. Simulations showed that simultaneous with
the breaking of the van der Waals bond during a concerted
Coulomb explosion is the breaking of the covalent bond
(C=O) pointing to the nearest carbon dioxide molecule. That
is, a weak interaction affects this breakup.
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