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Ultrafast Deformation of the Geometrical Structure of CO2 Induced in Intense Laser Fields
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Ultrafast deformation of geometrical structure of CO2 in an intense laser field (1.1 PW�cm2 � 1.1 3

1015 W�cm2) was investigated by momentum imaging of the fragment Op1 and Cq1 �p, q � 1 3�
ions produced from CO2

z1 through the Coulomb explosion processes, CO2
z1 ! Op1 1 Cq1 1 Or1

�z � p 1 q 1 r�. The observed large mean amplitude along the �O—C—O bond angle (�40±) was
attributed to the ultrafast bending motion induced on the light-dressed potential energy surfaces.

PACS numbers: 33.80.Rv, 33.80.Eh, 33.80.Wz
Along with the recent development of high-power short-
pulsed lasers, ultrafast nuclear dynamics of molecules in
an intense laser field [1023 1 PW�cm2 (1 PW � 1 3

1015 W)] is becoming now one of the most fascinating
subjects for deeper understanding of the light-matter in-
teractions. Such nuclear dynamics has been studied in-
tensively for H2

1 whose large transition moment causes
a strong laser-induced coupling between the bound sg1s
and repulsive su1s states. A new class of phenomena,
e.g., the above-threshold dissociation, the bond softening,
and the bond hardening, found in the molecular system has
been best described in a dressed state picture, where a new
adiabatic internuclear potential is formed through avoided
crossings between molecular electronic states dressed by a
photon field [1,2].

The formation of these new molecular potentials in an
intense laser field can induce a drastic change in the geo-
metrical structure of polyatomic molecules due to the nu-
clear motion on the light-dressed potential energy surfaces
(LDPES). The laser-induced nuclear motion was investi-
gated by Cornaggia et al. for CO2 [3] on the basis of the
distribution patterns in the covariance map of the frag-
ment ions. It was argued that the covariance patterns be-
tween a pair of correlated fragment ions carry information
of the geometrical structure of parent ions. On the other
hand, the molecular structure just before the Coulomb ex-
plosion can be determined more directly from the spatial
momentum vector distributions of the fragment ions, since
they are sensitively dependent on the molecular geometry
of the parent ion. In our recent studies, we developed a
method to visualize the momentum vector distribution of
mass selected fragment ions with respect to the polariza-
tion vector of the laser, called mass-resolved momentum
imaging (MRMI), and it was successfully applied to dia-
tomic molecules, N2 [4,5] and NO [6], as well as to a
polyatomic molecule, SO2 [4]. In the present study, we
apply this MRMI technique to CO2 in an intense laser
field (1.1 PW�cm2) to determine the geometrical structure
of multiply charged molecular ions, CO2

z1 �z � 3 9�,
from the momentum distribution of the fragment ions, Op1

�p � 1 3� and Cq1 �q � 1 3�, and follow quantitatively
the structural deformation occurring in an ultrashort time
0031-9007�99�83(6)�1127(4)$15.00
scale both along the stretching coordinate and along the
bending coordinate.

Details of our experimental setup have been described
in the previous papers [4,5]. Briefly, the MRMI maps
were constructed from the time-of-flight (TOF) spectra
of the fragment ions recorded at 18 different angles of
the polarization direction of the laser light with respect
to the TOF detection axis. Figures 1(a) and 2(a) show
the observed MRMI maps for all the fragment atomic
ions, Op1 �p � 1 3� and Cq1 �q � 1 3�, produced af-
ter the �p, q, r� Coulomb explosion of CO2, i.e., CO2

z1 !
Op1 1 Cq1 1 Or1, at the field intensity of 1.1 PW�cm2

evaluated for the femtosecond laser light (100 fs, 795 nm,
0.74 mJ) focused to the beam diameter of 29 mm (the
diffraction limit). The MRMI maps for the O1, O21, and
O31 ions exhibit a pair of symmetrical crescentlike dis-
tributions located along the vertical axis with a symme-
try center at the zero-momentum position. This means
that these Op1 ions tend to be ejected in the laser po-
larization direction. Similar momentum distributions ob-
served for diatomic molecules [4–6] exhibited some fine
structures resulting from the overlapping of a few different
pathways having a thinner crescentlike distribution. In the
present case, a larger number of different pathways con-
tributing to the Op1 channels overlap with each other, re-
sulting in smooth and broad distributions. For example,
the MRMI map for the O21 ion is considered to be formed
mainly from the six different fragmentation pathways hav-
ing a fraction of more than 8%, i.e., �p, q, r� � �2, 1, 1�,
�2, 1, 2�, �2, 2, 1�, �2, 2, 2�, �2, 2, 3�, and �2, 3, 2�. A thin
crescent feature seen for the O1 channel along the circle
with a radius of �100 3 103 amu m�s is assigned to
the two-body fragmentation pathway, CO2

21 ! O1 1

CO1, on the basis of the MRMI map for the counterpart
CO1 ion.

The observed MRMI maps for Cq1 �q � 1 3� are
shown in Fig. 2(a). All the Cq1 channels have an ellip-
tical pattern substantially extending perpendicular to the
laser polarization with a peak at the zero momentum.
Figure 2(a) shows that these Cq1 ions gain only small
released momenta even though they are formed from the
highly charged parent ions, and that they are ejected more
© 1999 The American Physical Society 1127
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FIG. 1. The MRMI maps of the Op1 �p � 1 3� fragment
ions produced through the Coulomb explosion of CO2 in an
intense laser field plotted against the polarization vector �´� of
the laser: (a) The observed results at the laser-field intensity
of 1.1 PW�cm2. (b) Best fit MRMI maps synthesized by
the simulation. The simulated result for O1 channel shows
a clearer gap in the momentum region between the three-
and two-body pathways, which is attributed to the small
contribution from neutral pathways.

preferentially in the direction perpendicular to the laser
polarization vector.

From the observed MRMI maps of Cq1 and Op1, it can
be inferred that the molecular a axes of the highly charged
parent ions, CO2

z1 �z � 3 9�, are aligned along the laser
polarization vector, and that the average geometry is kept
linear during the interaction with the intense laser field.
A rough estimate of the geometry of CO2

z1 just before
the explosion can be made directly from these MRMI
maps. From the released momenta, 300 3 103 amu m�s
for O21 and 0 amu m�s for C21, the C—O bond length
is calculated to be 2.5 Å. This is about twice as large
as the equilibrium internuclear distance of neutral CO2
�Re � 1.16 Å� [7].

At the linear geometry, the centered Cq1 ion is located
at the unstable equilibrium position in the Coulomb field
formed by the two adjacent Op1 and Or1 ions. There-
fore, the momentum distributions for Cq1 should be sen-
sitively dependent on the bond angle of CO2

z1. In Fig. 2,
three selected points in the released momenta of each
Cq1 are converted to the bond angle g � �O—C—O,
1128
FIG. 2. The MRMI maps of the Cq1 �q � 1 3� fragment
ions: (a) The observed results. (b) The best fit MRMI maps
obtained after the trial-and-error analysis.

where the most abundant symmetric fragmentation path-
ways, �1, 1, 1�, �2, 2, 2�, and �2, 3, 2�, are assumed for C1,
C21, and C31, respectively. In the calculation, the R �
R�C—O� values in Fig. 3 were adopted, which were de-
termined from the analysis of the MRMI maps described
below. Considering the mean amplitude of bending, sg �
12.5±, in the ground vibrational level of the X̃ 1S1

g state
of neutral CO2, the MRMI maps for Cq1 clearly show
that a substantially broad g distribution centered at the
linear configuration is induced in the intense laser field.
The present observation is in agreement with the report by

FIG. 3. The determined structural parameters R0 (open circle)
and sg (solid circle) of CO2

z1 just before the Coulomb
explosion as a function of z. Note that sg is plotted against the
weight-averaged charge number z̄ of the parent ion (see text).



VOLUME 83, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 9 AUGUST 1999
Cornaggia [7], who assumed a simple triangle distribution
and derived its FWHM to be 40± for z � 3 6.

In order to derive more quantitative information con-
cerning the structure of CO2

z1 prior to the dissociation,
we performed a trial-and-error simulation of the MRMI
maps of all the atomic fragment ions by taking the follow-
ing steps: (i) the released momenta of fragment ions for
a given molecular geometry are calculated, and they are
converted into the MRMI maps for a single �p, q, r� ex-
plosion pathway, CO2

z1 ! Op1 1 Cq1 1 Or1, by tak-
ing account of the distributions of R and g, (ii) the MRMI
map for a given fragment ion is synthesized by adding the
relevant single-pathway MRMI maps with their weights
estimated from the observed yields of Op1, and (iii) the
geometrical parameters R and g are determined on the ba-
sis of the trial-and-error comparison of the synthesized and
observed MRMI maps for all the fragment ions.

The geometry of CO2 ions just before the explosion is
expressed in terms of the bond-angle distribution, Fg�g� ~

exp�2�g 2 p�2��sg�2
p

ln2 �2�, and the bond-length dis-
tribution, FR�R� ~ exp�2h�1�

p
R 2 1�

p
R0 �2�, where

sg and R0 are treated as adjustable parameters, while h

is fixed to be 1.2 3 102 throughout the present study to
give the same FWHM, �1 Å, in the bond-length distri-
bution as H2 [8], N2 [9], and NO [6] in the intense laser
field (�1 PW�cm2). We adopted the expression given by
Friedrich and Herschbach [10] to describe the alignment of
parent ions, Fu�u� ~ exp�2 sin2u��2s

2
u��, where u is the

angle between the a axis and the laser polarization vector,
and the distribution width, su , is treated as a parameter
describing the alignment of parent ions caused both by
the torque given to neutral CO2 by the laser field [10] and
by the ionization enhancement for a molecule having its
molecular axis parallel to the polarization vector [11,12].
The above expression for Fu�u� was found to reproduce
well the angular distribution of the fragment ion produced
through the Coulomb explosion of NO in an intense
laser field [6]. For simplicity, su is approximated as a
linear function of z in the present work. By numerically
solving the classical equation of motion under the as-
sumption that the repulsive forces between fragment ions
are all Coulombic, the released momentum distribution
F�pm, u0

m� is calculated for the �p, q, r� fragmentation
pathway with given Fg�g� and Fr �R�, where pm and u0

m
are the released momentum and the direction of the ion
ejection in the molecule-fixed frame, respectively. Then,
the MRMI maps for the single �p, q, r� explosion pathway
are synthesized using the derived F�pm, u0

m� as described
previously [5].

The yields for respective �p, q, r� pathways were esti-
mated in the following manner from the relative yields of
the O1, O21, and O31 ions ejected in the solid angle of 4p,
1.0:1.9:0.40, obtained by integrating the MRMI maps [5,9]
of these ions. It has been established from previous experi-
mental studies for diatomic molecules that fragmentation
pathways with a highly asymmetric charge separation, e.g.,
N2
41 ! N31 1 N1, are minor pathways [5,13]. There-

fore, we assume that the fragmentation from a given charge
state of the parent ion, CO2

z1 ! Op1 1 Cq1 1 Or1,
that fulfills three inequalities, jp 2 qj # 1, jq 2 rj # 1,
and jr 2 pj # 1, occurs with an equal probability. Based
on these conditions, the relative yields of O1, O21, and
O31 ions can be derived for a given charge distribution of
CO2

z1 �z � 0 9�. The charge distribution is expressed
here by a Gaussian from an analogy of N2 [5], where
a smooth charge distribution was obtained. The mean z
value at which the center of the Gaussian is located and its
width are determined so that they reproduce the observed
relative yields of the O1, O21, and O31 ions. This pro-
cedure in turn determines the relative yields of the respec-
tive fragmentation pathways. The derived yields showed
that the contribution from the neutral pathways, in which at
least one of the fragments has no charge, is less than 8% for
O1 and C1 channels and is negligibly small for the higher
charged fragments. Therefore, the neutral pathways are
neglected in the analysis.

The geometrical parameters, sg and R0, as well as the
alignment parameter su , were adjusted in a trial-and-error
analysis until the observed MRMI maps for all the ion
species, i.e., O1, O21, O31, C1, C21, and C31, are re-
produced simultaneously. It was found that the momen-
tum distributions of Op1 were much less sensitive to a
small change in the Gaussian width sg for the bond angle
than those of Cq1. Therefore, a Gaussian width sg�q�
describing the effective bond-angle distribution of CO2

z1

having a certain range of z is assigned to each Cq1 chan-
nel. Using the determined relative yields of the fragmen-
tation pathways, the weighted-average charge numbers z̄’s
of the parent ion are calculated to be z̄ � 3.8, 5.8, and
7.8, for C1, C21, and C31, respectively. The determined
structural parameters are shown in Fig. 3.

Figures 1(b) and 2(b) show, respectively, the best fit
MRMI maps for Op1 �p � 1 3� and Cq1 �q � 1 3�
obtained after several iterations, reproducing well the ob-
served MRMI maps. The alignment parameter is de-
termined to be su � 0.375 0.025z. The experimental
values of su ranging from 0.30 to 0.15 for z � 3 9 are
5 to 2.5 times as large as a theoretical estimate of su �
0.06 calculated using the formula proposed in Ref. [10]
with the polarizability anisotropy and the rotational con-
stant of CO2, and the laser field intensity of 1.1 PW�cm2.
The discrepancy could be attributed to the incomplete for-
mation of the pendular states within a short laser pulse,
and/or to the saturation effect in the ionization process.

The bond length R�C—O� determined as a function of
z exhibits a gradual increase as shown in Fig. 3, which is
consistent with the recent studies of diatomic molecules,
N2 [9] and NO [6] in an intense laser field (�1 PW�cm2).
Previous theoretical [14,15] and experimental [11,16] stud-
ies show that the ionization rate of small molecules is sub-
stantially enhanced at an elongated molecular structure in
an intense laser field, where the field ionization plays a
1129
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dominant role. We estimated the laser-field intensity nec-
essary for the ionization as a function both of R and g, by
applying a classical field ionization model [16] for the ion-
ization process of CO2

21 ! CO2
31 1 e2 as an example.

It was found that the appearance intensity for CO2
31, cal-

culated by fixing the molecular O—O axis in the direction
parallel to the laser polarization, exhibited a pronounced
minimum at the critical distance Rc � 3.5Re as seen in the
case of N2 calculated by Posthumus et al. [16]. This R de-
pendence of the appearance intensity implies that each ion-
ization step, CO2

z1 ! CO2
�z11�1 1 e2, occurs at larger

distance R (,Rc) for larger z, which explains qualitatively
the observed charge-dependent bond elongation in Fig. 3.
The present calculation shows that the appearance inten-
sity for g � 90± is about 1.5 times higher than that for
g � 180± in the entire range of 2.5 # R # 6.0 Å. This
suggests that the ionization occurs more efficiently at a lin-
ear configuration than at a bent configuration, which leads
to a smaller sg value for higher charged CO2

z1. Although
this behavior is consistent with the gradual decrease in sg

as a function of z̄ (Fig. 3), the observed overall broaden-
ing in the g distribution cannot be explained by the field
ionization model.

As discussed for the ionization of atoms in intense laser
fields [17], the population transfer from the ground state
to excited states is important when the laser-field intensity
is 1 100 TW�cm2. The observed broad g distributions
would be ascribed to the laser-induced population transfer
to an excited state having a bent equilibrium; i.e., the linear
ground and the excited bent state are coupled strongly
by the intense laser field to form a significant avoided
crossing resulting in a pair of adiabatic LDPES’s. It is
expected that the potential barriers of the lower component
of the resultant adiabatic LDPES’s along the bond-angle
coordinate would be lowered at a high field intensity to
cause potential softening along the bond-angle coordinate,
which causes the ultrafast nuclear motion toward the bent
structure within a laser-pulse duration.

The Walsh diagram of CO2 [18] suggests that an elec-
tronically excited state of CO2

z1 �z � 0 4� could have a
bent equilibrium as far as the 6a1 molecular orbital hav-
ing a strong bent character is occupied. One of such states
would be the Ã 1B2�1Du� state of neutral CO2 [18], which
is located 46 000 cm21 above the ground electronic state,
requiring four photons to form LDPES’s for the present
laser wavelength.
1130
Regarding the bond-length distribution of the parent
ion, the strong enhancement of the ionization process at
the bond length of �2Re could dominate over an effect
originating from the formation of the adiabatic LDPES,
so that the observed bond-length distribution is explained
simply by the enhanced ionization model. On the other
hand, the ionization rate may be only weakly dependent
on the bond angle, which enables us to identify the
signature of the formation of the LDPES in the bond-angle
distribution.
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