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Molecular dimers have attracted much attention in the study of molecular structure and dynamics due to their
complex interactions involving both weak van der Waals and strong covalent bonds. We investigate the dissocia-
tive ionization of carbon dioxide dimers exposed to intense femtosecond laser fields. The angular distributions of
ionic fragments of the breakup channels (CO2)2

2+ → CO2
+ + CO2

+ and (CO2)2
3+ → CO2

2+ + CO2
+ strongly

depend on the laser intensity. Simulations based on time-dependent density-functional theory reproduce the
experimental observations qualitatively and show that the angular distribution of fragments is determined by the
angle-dependent orbital ionization probability and the relative contributions of different orbitals, both of which
are intensity sensitive. By comparing the ionization of the dimer with CO2 monomer, we find that the weak van
der Waals bond and molecular geometry in the dimer play considerable roles. This work extends significantly
earlier studies of simple linear covalent bond molecules.

DOI: 10.1103/PhysRevA.106.023109

I. INTRODUCTION

Intricate ionization and dissociation occur when molecules
are subjected to strong laser fields. With the presence of
Coulomb repulsive force, photoinduced multiply-charged
molecular ions are usually unstable and split up quickly into
fragments with high kinetic energy [1–4]. Rich kinetic in-
formation of the molecular ionization has been obtained by
studying the angular distribution of ionic fragments (ADIF).
Among various contributing factors to the ADIF, both the
geometric [5] and dynamic [6,7] alignment are found to be
crucial. However, the mechanism of the anisotropic ADIF
observed in complex molecules remains to be studied.

Double ionization of CO, CO2, and C2H2 by few-cycle
laser pulses with sufficiently low intensities [8] show that the
first ionization steps are orientation dependent and determine
the ADIF. The molecular tunneling ionization theory (MO-
ADK) [9,10] implies that the symmetry of molecular orbitals
determines the angular distribution of ionization probability.
The dissociation of O2 and N2 with short laser pulses suggests
that the ADIF is a direct indication of the angular ionization
probability, which is related to the symmetry of the highest
occupied molecular orbital (HOMO) [11]. In the case of long
pulse or high laser intensity, the dynamic alignment mecha-
nism plays a dominant role, where the laser-induced dipole
moment aligns the molecular axis with the polarization direc-
tion of the laser. Therefore the ADIF peaks along the laser
polarization direction. In addition to the well-known dynamic
alignment of neutral molecules before ionization, postioniza-
tion alignment of molecular ions has also been reported [12].
The dynamic alignment also allows molecule reorientation
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during the dissociative multiphoton ionization [13]. However,
the geometric alignment and dynamic alignment often coexist
and are hard to be distinguished [14].

Molecules can form dimers through van der Waals
(vdW) forces [15,16]. In comparison with covalently bonded
molecules, dimers have longer internuclear distances. Dimers
are ideal candidates for studying molecular dynamics, such
as charge resonance enhanced ionization [17,18], interatomic
Coulombic decay [19,20], intermolecular Coulombic decay
[21], and radiative charge transfer [22,23]. The anisotropic
ADIF observed in dissociative ionization of Ar dimers [24]
was attributed to the angle-dependent enhanced ionization,
and the angular distribution varied with laser intensity. Fur-
thermore, field-driven electron transfer between the two atoms
in an Ar dimer was found capable of triggering subcycle
dynamics in neighboring atoms [25]. The structure and orien-
tation of dimers govern the ionization dynamics [26–28] and
the ADIF. The dissociation of H2

+ was found to be strongly
aligned with the electric field [29], providing a natural frame
in which the attoclock offset angle of H2

+ can be determined.
In this work, the dissociative double- and triple-

ionization dynamics of (CO2)2 driven by intense
femtosecond laser pulses are investigated. The ADIFs
in the breakup channels (CO2)2

2+ → CO2
+ + CO2

+
and (CO2)2

3+ → CO2
2+ + CO2

+ are found anisotropic
and change with laser intensity. Simulations based on
time-dependent density functional theory (TDDFT) reproduce
the experimental observations qualitatively and suggest that
the isotropic ADIF arises from the angle-dependent electron
orbital ionization probability and the involvement of multiple
orbitals. In spite of its weak force, the vdW bond plays
a considerable role in strong-field ionization. This work
provides valuable insights into the strong-field ionization and
dissociation dynamics of complex molecules.
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FIG. 1. Schematic drawing of the experimental setup. Strong
laser pulses propagating along the y axis with polarization direction
along the x axis are focused onto the (CO2)2 beam from a nozzle
located in the z axis. The fragmental ions and electrons were col-
lected by the lower- and upper-position-sensitive delay line detector,
respectively.

II. EXPERIMENT

In the experiments, CO2 dimer are produced during the
supersonic expansion of CO2 gas from a 30-μm nozzle with
10-bar backing pressure. Only parallel-slipped structure of
the carbon dioxide dimer was observed in the adiabatic ex-
pansion of the ultrasonic molecular beam [16,30–33]. The
molecular beam passes through a three-stage vacuum differ-
ential pumping system to keep the background pressure below
5 × 10−10 mbar in the interaction chamber. The molecular
beam is then crossed by a focused laser pulse with 25-fs
pulse duration, 10-kHz repetition rate, and 790-nm central
wavelength, as shown in Fig. 1. The laser peak intensity
ranges from 2 × 1014 W/cm2 to 8.6 × 1014 W/cm2. The
ADIF is measured with a cold-target recoil-ion momentum
spectrometer (COLTRIMS) [27,34], in which the ionic frag-
ments and electrons are confined and guided by a uniform
electric field and magnetic field before they reach the position-
sensitive delay line detectors. The time of flight (TOF) and
position of the charged particles are recorded to reconstruct
their three-dimensional momenta. The momentum resolution
for ion and electron detection can be as good as 0.05 a.u.
and 0.02 a.u., respectively [35,36]. Depending on the chan-
nels to be analyzed, COLTRIMS can select events with two
or more charged particles of photoions (photoion-photoion),
photoelectrons (photoelectron-photoelectron), or both of them
(photoion-photoelectron). The x, y, and z axis of the labora-
tory coordinate system are defined as the direction of laser
polarization, laser propagation, and molecular beam, respec-
tively, as shown in Fig. 1.

The dissociative double-ionization channel (CO2)2
2+ →

CO2
+ + CO2

+ and triple-ionization channel (CO2)2
3+ →

CO2
2+ + CO2

+ are analyzed and hereafter denoted as
(CO2)2[1, 1] and (CO2)2[2, 1], respectively. To reduce the
possible pollution from other fragmentation channels to the

FIG. 2. (a) TOF spectrum of supersonic CO2 gas beam irradi-
ated by 790-nm, 25-fs linearly polarized laser pulses of intensity
4 × 1014 W/cm2 and (b) PIPICO spectrum. Three breakup channels
are identified.

authenticity of the coincidence measurement, the experimen-
tal data are filtered with three conditions: (1) only two CO2

+
ions are collected from each event for the (CO2)2[1, 1] chan-
nel, and only one CO2

2+ ion and one CO2
+ ion are collected

from each event for the (CO2)2[2, 1] channel; (2) the sum of
their momenta is small enough to fulfill momentum conser-
vation, i.e.,

∑
Pz < 10 a.u.,

∑
Py < 4.5 a.u., and

∑
Px <

2.5 a.u.; (3) their relative momenta is large enough to rule out
false coincidences, i.e., |P(CO2

+) − P(CO2
+)| > 100 a.u. and

|P(CO2
2+) − P(CO2

+)| > 100 a.u..

III. RESULTS AND DISCUSSION

In the TOF spectrum of the supersonic CO2 gas beam
ionized by laser pulses with intensity of 4 × 1014 W/cm2 as
shown in Fig. 2(a), fragmental ions of CO2

+, CO2
2+, CO+,

O+, and H2O+ are identified. Figure 2(b) shows the photoion-
photoion coincidence (PIPICO) spectrum. The back-slant
line structures in the PIPICO spectrum represent different
Coulomb explosion channels. All the other events, such as the
horizontal and vertical lines, and the arc structure around the
(CO2)2[1, 1] channel, are false coincidences. With the filter-
ing conditions mentioned above, ionic fragments for the two
breakup channels (CO2)2[1, 1] and (CO2)2[2, 1] are picked
out.

A. Dissociative double and triple ionization

Dissociative double ionization of (CO2)2 is investigated
under three different laser intensities: I0 = 2 × 1014 W/cm2,
2I0 and 4I0, whereas three higher intensities (2I0, 2.8I0,
and 4.3I0) are used for dissociative triple ionization. For
the (CO2)2[1, 1] channel, the kinetic energy release (KER)
spectra shown in Fig. 3(a) have a unique, constant peak at
3.8 eV for all three laser intensities. The same behavior is
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FIG. 3. The KER for the dissociative channels (CO2)2[1, 1]
(a) and (CO2)2[2, 1] (b). The KER maximizes at the same energy
of 3.8 eV for the (CO2)2[1, 1] channel under laser intensities of I0

(triangles), 2I0 (circles), and 4I0 (squares); (CO2)2[2, 1] channel has
7.4-eV KER for laser intensities of 2I0 (triangles), 2.8I0 (circles),
and 4.3I0 (squares). (c) The ion pair sum-momentum distributions
along the direction of laser polarization for the dissociative channels
(CO2)2[1, 1] under laser intensities of I0 (triangles), 2I0 (circles), and
4I0 (squares).

observed for KER spectra of (CO2)2[2, 1] channel shown in
Fig. 3(b) but with peak position at 7.4 eV. For the dissociative
double-ionization channel (CO2)2[1, 1], the fragments can
result from two competing double-ionization processes: two-
site double ionization and one-site double ionization. Two-site
double ionization is also called the direct double-ionization
process, wherein one electron is removed from each molecule
of the dimer. For one-site double ionization, two electrons
are removed from one site of the dimer first, populating the
CO2

2+ − CO2 nondissociative molecular state [37], and then
this transient state can further relax to the same dissociative
states as in the two-site double ionization through radiative
charge transfer (RCT). The RCT process happens at a smaller
internuclear distance than the equilibrium distance of the
dimer, resulting in a higher KER than the energy expected
for the direct double-ionization process [37–39]. As shown
in Figs. 3(a) and 3(b), the single-peak structure in KERs
distribution indicates that each of the two breakup channels
has one definite ionic state for different laser intensities [40].
With approximate Coulomb potential E = 1/R, the vdW bond
length of laser-produced (CO2)2

2+ and (CO2)2
3+ ions are

determined to be 3.79 Å and 3.89 Å, respectively, which are
close to the ground-state bond lengths 3.6 Å of the (CO2)2

[16,27,30]. Therefore the RCT process can be eliminated,
and only two-site double ionization should be considered in
our experiments. For a triple ionization channel, it can be
determined that one CO2 molecule is doubly ionized and the
other one is singly ionized based on the same analysis.

FIG. 4. The projections of the 3D momenta of CO2
+ in the

(CO2)2[1, 1] channel onto the xz plane of the laboratory frame for
laser intensities of I0 (a), 2I0 (b), and 4I0 (c). The angular distribution
of ionic fragments for I0 (d), 2I0 (e), and 4I0 (f), where the laser
polarization vector is horizontal.

It is well known that there are two mechanisms for double
ionization, i.e., sequential double ionization (SDI) and non-
sequential double ionization (NSDI) [7]. In general, NSDI
and SDI dominates for low and high intensity, respectively.
Nevertheless, the exact laser intensity for the transition from
NSDI to SDI also depends on the gas species [41–43]. Fig-
ure 3(c) shows the distribution of sum momentum of the
CO2

+/CO2
+ ion pair in the direction of laser polarization for

laser intensity of I0 (triangles), 2I0 (circles), and 4I0 (squares),
respectively. The Gaussian-like structure with only one peak
indicates SDI as the main mechanism of the present two-site
double ionization of CO2 dimer, since NSDI would result in
a “double-hump” structure [38,44,45]. There is more momen-
tum broadening in the 2I0 and 4I0 curves than the I0 curve in
Fig. 3(c). The greater momentum broadening for the higher
laser intensity is likely caused by the rescattering-induced
NSDI, when the laser field direction has a large angle to
the vdW bond. Normally, the rescattering-induced NSDI is
expected to be more apparent at lower laser intensity I0. How-
ever, in the following it will be seen that at I0 the ionizations
are mainly produced when the laser field is along the vdW
bond, so that the rescattering-induced two-site double ioniza-
tion may be blocked by the Coulomb scattering of the ionized
CO2

+ ion, because the CO2
+ ion is in the way of the turn

back electron to impact the CO2 molecule at the other side of
the dimer and the Coulomb potential can strongly change the
trajectory of the incident electron.

In addition to KER spectra, the three-dimensional (3D)
momenta of ionic fragments and electrons are retrieved in the
coincidence measurements. For the (CO2)2[1, 1] channel, the
projections of the 3D momenta of CO2

+ onto the xy plane
of the laboratory frame are shown in Figs. 4(a), 4(b) and
4(c) for laser intensities of I0, 2I0, and 4I0, respectively. The
vertical blank in these figures is artificial due to the dead
time of the ion detector. Figures 4(d), 4(e) and 4(f) show the
angular distributions of the ion pair CO2

+/CO2
+ generated

from the channel of (CO2)2[1, 1] under laser intensities of I0,
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FIG. 5. The projections of the 3D momenta of CO2
2+ in

(CO2)2[2, 1] channel onto the xz plane of the laboratory frame for
laser intensities of 2I0 (a), 2.8I0 (b), and 4.3I0 (c). The angular
distribution of ionic fragments for 2I0 (d), 2.8I0 (e), and 4.3I0 (f),
where the laser polarization vector is horizontal.

2I0, and 4I0, respectively. Evidently, the ADIFs are anisotropic
and change with laser intensity. With low laser intensity, the
fragmental ions exhibit strongly uniaxial anisotropic angular
distribution with major axis aligned with the laser polariza-
tion. As laser intensity increases, the major axis of anisotropic
ADIF gradually becomes perpendicular to the laser polariza-
tion direction.

The projections of the 3D momenta of CO2
2+ in the

(CO2)2[2, 1] channel onto the xz plane are shown in Figs. 5(a),
5(b) and 5(c) for laser intensities of 2I0, 2.8I0, and 4.3I0,
respectively. Figures 5(d), 5(e) and 5(f) show the angular
distributions of the ion pair CO2

+/CO2
+ generated from the

channel of (CO2)2[1, 1] under laser intensities of I0, 2I0, and
4I0, respectively. Despite the lower yields and poorer signal-
to-noise ratio, the angular distribution is almost identical to
that of CO2

+ fragments in the double-ionization channel.
Note that the two fragments are different in the (CO2)2[2, 1]
channel, and the detector dead times do not cause any prob-
lems here. The ADIFs are shown in Figs. 5(d), 5(e) and 5(f),
corresponding to laser intensities of 2I0, 2.8I0, and 4.3I0,
respectively. The ADIFs of the (CO2)2[2, 1] channel also
exhibit significant modulation with increasing laser intensity.
The triple ionization of carbon dioxide dimer is to ionize
one more electron on the basis of double ionization, and
doubly charged molecules are almost certainly the precursors
of all higher charged molecules [7]. In the triple ionization
of carbon dioxide dimer, the CO2

2+ ion is produced by a
double ionization occurring on the same side of the dimer,
in which the rescattering-induced NSDI on the same side
may contribute more without a Coulomb potential scattering
in advance. The end result is one CO2 molecule is doubly
ionized and the other one is singly ionized CO2

2+ − CO2
+,

leading to angular distributions similar to the CO2
+ − CO2

+
dissociation channel but at higher laser intensities because
of the difficulty to ionize one more electron. Thus an under-
standing of the mechanisms for dissociative double ionization
stands the possibility of helping considerably in unravelling

the dissociative triple-ionization process. In the following dis-
cussion, we will analyze the reason why the fragment ion
angle distribution changes with the laser intensity during the
double-ionization process.

B. Orientation-dependent strong-field ionization of a dimer

In intense femtosecond laser fields, molecules exhibit
abundant nonlinear characteristics. For certain internuclear
distances, charge-resonance-enhanced ionization [18,46–49]
occurs. Previous studies have shown that odd-charged ions
have a critical internuclear distance for the occurrence of
Coulomb explosion, and the ionization rate of triatomic ions
can be strongly enhanced by stretching one or both of its
bonds to a critical distance [17]. In particular, these phenom-
ena are only observed when the molecular axis is parallel to
the laser polarization, and the enhanced ionization probability
changes as laser polarization rotates around the molecular
axis, resulting in anisotropic ADIF. For vdW clusters, in
addition to the geometric structure, the orientation of the
different chemical bonds with respect to the laser polarization
also matters in the ionization dynamics. It is found that the
breakup of the vdW bond in strong-field ionization of N2Ar
is favored when it is aligned along the laser polarization for
both dissociative double and triple ionizations [26]. The ori-
entation of the covalent bond governs triple ionization when
both the covalent and vdW bonds break at the same time.
The carbon dioxide dimer contains both covalent bonds and
vdW bonds, which makes it a perfect candidate to study
the orientation-dependent strong-field ionization of chemical
bonds with different properties. The photoelectron momentum
and angular distribution produced during double ionization
may help to shed light on the roles which the orientation
and properties of chemical bonds of the (CO2)2 play during
dissociative ionization.

Together with the ADIF, which indicates the geometric
structure of the dimer, the angular distribution of photoelec-
trons reveals the ionization dynamics. In the experiments we
use high-resolution coincidence techniques in which the mo-
mentum of CO2

+ + CO2
+ and one electron are recorded with

COLTRIMS. We did not measure the momenta of both elec-
trons due to the low electron detection efficiency and detector
dead time. The angular distribution of electron momentum
with respect to the laser polarization is then plotted in Fig. 6(a)
for laser intensity of I0 (blue line with circular markers) and
4I0 (red line with diamond markers). The photoelectrons are
mainly emitted along 0◦ and 180◦ for both intensities, i.e.,
along the polarization direction of the laser field, which is
consistent with the tunneling ionization theory. To investigate
the ionization dynamics in the molecular frame, the angular
distribution of electron momentum with respect to the vdW
bond of the dimer is shown in Fig. 6(b). The direction of the
vdW bond is defined as the direction of P1 − P2, where P1

and P2 are the momentum of first and second ion fragments.
With lower laser intensity, there are two peaks at around 0◦
and 180◦, as shown by the blue line with circle markers in
Fig. 6(b), i.e., the photoelectrons are mainly emitted along the
vdW bond of the dimer. Therefore the dimers with vdW bonds
aligned with laser polarization, as illustrated in Fig. 6(c), are
favored by double ionization. As laser intensity increases up to
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FIG. 6. (a) The angular distribution of electron momentum with
respect to the laser polarization for laser intensity of I0 (blue line
with circle markers) and 4I0 (red line with diamond markers); (b) the
angular distribution of electron momentum with respect to the vdW
bond of the dimer for laser intensity of I0 (blue line with circle
markers) and 4I0 (red diamond markers), the black dashed curves
is the smooth fitting of data. The electron angular distributions are
shown for the CO2

+ + CO2
+ breakup channel and the solid detection

angle bias has been taken into account during the calculation of the
angle in (a) and (b) by dividing the yield with sin(�). The angular
schematic diagram of electron emission direction with respect to the
vdW bond of the dimer for laser intensity I0 (c) and 4I0 (d).

4I0, the angular distribution becomes more isotropic, with two
wide peaks around 60◦ and 120◦ as shown by the red diamond
markers in Fig. 6(b); the black dashed curves are the Gaus-
sian distributions of the fit. The angle between the O=C=O
bond and vdW bond happens to be 60◦/120◦. Therefore the
electrons emitted along the O=C=O bond of the dimer may
produce these two broad peaks. According to Fig. 6(a), the
electron emission direction is parallel to the laser polarization,
so the dimers whose O=C=O covalent bonds are parallel to
the laser polarization, as illustrated in Fig. 6(d), have maximal
double-ionization probability. However, the overall angular
distribution is roughly isotropic, indicating that the ionization
anisotropy of photoelectrons is weakened under high laser
intensity.

The experimental results directly show that the orientation
of the vdW and covalent bonds relative to the laser polariza-
tion affects the dissociative multi-ionization dynamics of the
dimer. With low laser intensities, the ionization probability
reaches a relatively sharp maximum when the vdW bond is
parallel to the laser polarization. The ionic fragments show
an anisotropic angular distribution with the peak along the
laser polarization axis, as shown in Fig. 4(d). With high
laser intensities, the dimer ionization probability displays two
broad bumps corresponding to the emission of covalent bond
direction, that is, the ionization probability reaches a maxi-
mum when the covalent bond orientation is along the laser
polarization, leading to the angular distribution of fragmen-
tal ions generated by dimer dissociation deviating from the
laser polarization direction, as shown in Fig. 4(f). Therefore
the ADIF of (CO2)2 shows rich modulation phenomena as
the laser intensity changes, which indicates that dimers with

specific orientation are selectively ionized under different
laser intensities.

C. Multiorbital ionization of carbon dioxide dimer

The shape of the molecular orbitals is well known to have
a great influence on ionization probability. Both MO-ADK
[9] and the strong-field approximation calculation [50] predict
that the single-ionization rate depends strongly on the angle
between the electric field and the molecular axis. Moreover,
the MO-ADK theory explains well the ionization suppression
of some molecules. The shape and symmetry of molecu-
lar orbitals are found to play important roles in strong-field
ionization [10,51–53]. The ionization probability of N2 is
found to be about four times greater for molecules aligned
to the laser field than that for molecules antialigned to the
laser field [54]. The same phenomenon was reported [55] for
CO molecules with a twofold increase in ionization proba-
bility. The geometric structure of CO orbitals is considered
a dominant factor in strong-field tunneling ionization [56],
and the influence of the linear Stark effect of the orbital
dipole plays a secondary role. In addition to the HOMO,
inner molecular orbitals substantially contribute to the total
ionization probability [57]. Recent studies have shown that
molecular electronic states with energy lower than the HOMO
contributes to high harmonic generation (HHG), and the con-
tributions of multichannels in HHG have been widely studied
[58–60]. Moreover, the coherent HHG emission from multiple
channels can resolve the multielectron dynamics effectively
and provide a snapshot of the structure and dynamics of the
molecular system.

To understand the intensity dependence of dissociative
double and triple ionizations of (CO2)2, we study the elec-
tronic dynamics with TDDFT. The calculations are carried out
with the OCTOPUS package [61]. According to previous work,
we choose the modified Leeuwen-Baerends LBα potential
function as the exchange-correlation core function [62] and
employ the Troullier-Martines pseudopotential to fix the 1s2

electrons of C and O. The electron density at position r is
described by ρ(r). The LBα function,

vLBα
xc (α, β, r) = αvLDA

x (r) + vLDA
c (r)

− βx2(r)ρ1/3(r)

1 + 3βx(r)ln{x(r) + [x2(r) + 1]1/2} , (1)

x(r) = |∇ρ(r)|
ρ4/3(r)

, (2)

describes the long-range Coulombic potential. The parameters
are set as α = 1.25 and β = 0.01 to fit the experimental
data of the CO2 molecular orbitals [62]. The (CO2)2 has
32 active electrons occupying 16 orbitals. The projections
of the 12 static ground-state orbital wave functions on the
xz plane are shown in Fig. 7. The orbitals of the (CO2)2

exhibit nondegenerate features due to the vdW bond, which
results in significant orbital deformation in both HOMO and
HOMO-1 orbitals. These deformed orbitals of the dimer re-
spond differently during ionization compared to that of the
monomer. By subjecting the dimer to intense laser fields, the
temporal evolution of the electron density is calculated, and
the ionization probability is evaluated until the laser pulse
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FIG. 7. Projections of the 12 static ground-state orbital wave
functions of a (CO2)2 on the xz plane. From (a) to (l), the ionization
energies from their ground state progressively increase: (a, b, c, d)
show four HOMO orbitals, (e, f, g, h) show four HOMO-1 orbitals, (i,
j) show two HOMO-2 orbitals, and (k, l) show two HOMO-3 orbitals.

vanishes. The ionization contribution of orbital n is defined
as P̄n = 1 − Pn, where Pn is the population of ground orbital n
after the laser. The identification of approximate k ionization
probability Pk is from Ref. [63].

Figure 8 presents the results from TDDFT calculations of
the double-ionization probabilities of (CO2)2 as a function of
the angle θ between laser polarization and the vdW bond with
laser intensity of I0 (green solid line), 2I0 (red dotted line), and
4I0 (blue dotted dash line). Only two special cases are taken
into account, as shown in Figs. 8(a) and 8(b), i.e., the laser
polarization is in the first plane defined by the O=C=O and
vdW bonds (case 1), and the laser polarization is in the second
plane, which is perpendicular to the first plane but containing
the vdW bond in it (case 2). The double-ionization probabil-
ities of (CO2)2 for case 1, case 2, and their summation are
shown in Figs. 8(d), 8(e) and 8(f), respectively. Note that since
the (CO2)2 is not axisymmetric, experimental measurements
cannot identify the positive and negative orientation of the
molecular axis. We introduce a symmetry along the axis in
theoretical calculations for a comparison with experimental
results as shown in Fig. 8(f). The double-ionization proba-
bilities show significant anisotropic features. The ionization
probability is the highest when the vdW bond of the dimer
is parallel to the laser polarization for low laser intensities.
However, with increasing laser intensity, the ionization prob-
ability around the vertical direction rises steeply and even
exceeds that for the horizontal direction. This agrees with our
experimental results, indicating that the ADIF is determined
by the ionization process.

In two-site double ionization of the (CO2)2, each electron
is liberated from one CO2 site, so it might have a similar
angular distribution to the CO2 monomer, if the electronic
orbitals were not significantly changed by the vdW bond and

FIG. 8. Ionization probabilities of (CO2)2 for different angles
θ between laser polarization and vdW bond with laser intensity
of I0 (green solid line), 2I0 (red dotted line), and 4I0 (blue dotted
dash line) calculated with TDDFT. We take into account only two
special cases, (a) the laser polarization is in the first plane defined by
O=C=O and the vdW bond for case 1, and (b) the laser polarization
is in the second plane, which is perpendicular to the first plane but
containing the vdW bond in it, for case 2. (c) The single-ionization
probability of CO2 monomer as a function of the angle θ between
laser polarization and the O=C=O bond. We rotated the results by
60◦ counterclockwise for comparison with dimers, and the axis along
the O=C=O bond is illustrated. The ionization probabilities with
laser intensity of I0 are scaled by a factor of 2 for better visibility.
The double-ionization probabilities of (CO2)2 for case 1 (d) and case
2 (e) and their summation (f). Here the results in (f) are artificially
symmetrized, since molecules are not orientated in the experiments.

the molecular geometry in the dimer did not play a role.
Figure 8(c) shows the single-ionization probability of the CO2

monomer, the angle θ between the laser polarization and the
O=C=O bond. We rotated the results by 60◦ counterclock-
wise for comparison with the dimers. The axis along the
O=C=O bond is illustrated in Fig. 8(c). With low light in-
tensities, the distribution has a butterfly shape with four peaks
labeled 1–4. As the laser intensity increases, the distribution
gradually becomes isotropic, which may be attributed to the
barrier ionization under high laser intensity. The ionization
probability of the dimer is quite different from that of the CO2

molecule. With the lowest light intensity, peaks 2 and 4 of the
butterfly-shaped distribution shown in Fig. 8(c) are enhanced
significantly, resulting in an extremely anisotropic strong ion-
ization along the vdW bond. As laser intensity increases from
I0 to 4I0, the anisotropy changes its features along with the
laser intensity changes but is still significant compared to
the CO2 molecule. Interactions involving the vdW bonds are
normally weak, but two-site CO2 dimer double ionization
is thus not equivalent to the ionization of two independent
monomer molecules. The vdW bonds change the ionization
characteristics of the two CO2 monomers dramatically, and
the CO2 dimer structure of the system matters.

To reveal the mechanism of the complex angular distribu-
tion, the ionization dynamics of different molecular orbitals
need to be investigated. The strong anisotropic ionization
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FIG. 9. Calculated angular ionization contribution for multior-
bital of carbon dioxide dimer. (a), (b), and (c) Calculated angular
ionization contribution for HOMO-(1) (black solid line with dotted
marker) and HOMO-(4) (carmine solid line with rhombus marker).
The calculations are done with laser intensity of I0, 2I0, and 4I0 for
case 1. (d), (e), and (f) Calculated angular ionization contribution for
HOMO-(2) (red dotted and dash line), HOMO-(3) (blue solid line),
and HOMO-1 (7) (green dotted line). The calculations are done with
laser intensity of I0, 2I0, and 4I0 for case 1. Here, all diagrams are
also artificially symmetrized.

probability for different orbitals of (CO2)2 is shown in Fig. 9.
The ionization probability of different orbitals versus θ de-
fined in Fig. 8(a) is calculated. Figures 9(a), 9(b) and 9(c)
show the angular ionization probabilities of HOMO-(1) and
HOMO-(4) orbitals for laser intensities of I0, 2I0, and 4I0,
respectively, for case 1. Figures 9(d), 9(e) and 9(f) show the
angular ionization probabilities of three orbitals for HOMO-
(2) (red dotted and dashed line), HOMO-(3) (blue solid line),
and HOMO-1 (7) (green dotted line). The calculations are
done with laser intensity of I0, 2I0, and 4I0 for case 1. As
can be seen from the inset of Fig. 9, the angular ionization
contribution of different orbitals changes with laser inten-
sity, which inevitably affects the double-ionization probability
of the dimer. The HOMO-(1) (black solid line with dotted
marker) and HOMO-(4) (carmine solid line with rhombus
marker) have a primary contribution that dominates the an-
gular distribution at intensities I0 and 2I0. As laser intensity
increases, the ionization probabilities of HOMO-(2) (red dot-
ted and dash line) and HOMO-(3) (blue solid line) also change
significantly. From the orbital resolved ionization shown in
Fig. 9, it could be deduced that for the CO2

2+ + CO2
+

breakup in Fig. 5(f), after two electrons have been ionized
from HOMO-(1) and HOMO-(4) orbitals, the third ionization
from the orbitals HOMO-(2) and HOMO-(3) may contribute
to produce a more strictly perpendicular orientation of the
vdW axis with respect to the polarization for high intensity.
The ionization of each orbital is modulated strongly by the
molecular geometry of the dimer. The modulation depends
on the intensity of the laser field in a way that matches the

critical interatomic distance between the two CO2 molecules
in the dimer via the so-called charge-resonance-enhanced ion-
ization [24,38,44]. When the laser pulse with proper intensity
polarizes along a biatomic connection line between the two
CO2 molecules in the dimer, the two-site double ionization
of the connected biatomic system may be enhanced signifi-
cantly due to the charge-resonance-enhanced ionization. This
can be seen from the enhanced CO2

+ + CO2
+ dissociation at

I0 when the laser polarizes along the vdW bond from both
experimental and TDDFT calculations shown in Fig. 4(d)
and Figs. 8(d)–8(f). In addition, with the increase of light
intensity, the ionization contribution of inner orbitals (such
as HOMO-1) also increases; therefore the multiorbital ion-
ization of carbon dioxide dimer results in the variation of
double-ionization probability with light intensity. As shown
in Fig. 8(f), the ionization probability around the vertical
direction rises steeply and even exceeds the parallel direction
with increasing laser intensity, which can be ascribed to the
contribution change of the multiorbital. The results indicate
that the angular distribution of fragmental ions is determined
by the ionization process and related to multiple orbitals.

IV. CONCLUSION

We investigated the intensity dependence of dissociative
multi-ionization of (CO2)2 subjected to femtosecond laser
fields. We show that the ADIF depends greatly on the laser
intensity. The TDDFT simulations show that the ADIF is
determined by the anisotropic ionization processes with con-
tributions from multiple molecular orbitals. Moreover, for low
laser intensities, the ionization of HOMO-(1) and HOMO-
(4) plays a dominant role and shows a significant difference
from that of the CO2 molecule due to the weak vdW bond.
The relative contribution of HOMO-(2) and HOMO-(3), and
the lower occupied orbitals HOMO-1 increases from about
10% to 30% and could come into play as laser intensity
increases farther. On the other hand, dimer orientation with
respect to the laser polarization alters the relative contribution
from different orbitals. The geometric alignment mechanism
results in maximum ionization probability along the vdW
bond of the dimer for low laser intensity and maximum
ionization probability along the direction of the O=C=O co-
valent bond for high laser intensity. Our results show that the
intensity-dependent ADIF offers an abundance of dynamics
information. This work has directive significance for the fur-
ther study of strong-field ionization and dissociation dynamics
of complex molecules.
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