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Large-amplitude nuclear motions in the laser-induced Coulomb explosion
of carbon dioxide molecules
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Intense femtosecond laser pulses are used to study the Coulomb explosion,om@e€xules via
O%" +CE++ 0% fragmentation channels. Large-amplitude bending and stretching motions around an aver-
age linear elongated structure are observed using atomic ion momenta correlations’ peak shapes in comparison
with Coulomb explosion calculations. Of special interest are the enhanced multielectronic ionization at large
internuclear separations as predicted by recent theoretical models developed for diatomic molecules and the
strong structural transition between the unperturbed geometry of the molecule and the exploding configuration
in the intense laser fieldS1050-294{®6)50610-4

PACS numbd(s): 33.80.Rv;33.80.Eh;42.50.Vk

Laser-induced Coulomb explosion experimental studiegxperimental results are compared to momenta calculations
performed on small polyatomic species such as 6GI0C,H,  which include bent and stretched geometrical configurations
have shown that the multifragmentation following the ejec-of the molecule for the initial atomic positions.
tion of valence electrons is a direct process without any for- The molecular Coulomb explosion is produced by a
mation of intermediate daughter molecular igas2]: 130-fs Ti:sapphire laser system operating\&t790 nm and

focused intensities up to>210'® W/cn? (CEA/DRECAM
[ABCM+]—>AZ"++BZ'++CZ++(kinetic-energy release laser fgcility), and is_ analyzed using a W!Iey and McLaren
1) short time-of-flight ion spectrometd8]. Figures 1 and 2
show double-correlation maps recorded with G&@hen the
where [ABCY*] represents a transient triatomic muli- Iaser_polarization directiqn is r_espe_ctively parallel and per-
. o i 24 . pendicular to the detection axis. Time-of-flight spectra are
charged ion andA” ©, B* ", and C*" the multicharged potted as curves to the bottom and left with respectively
atomic ions. The Coulomb explosion terminology is usednorizontal T, and verticalT, time-of-flight axes, which are
bepause of the instantaneous character o_f th_e multﬁragmergrsed for the representation of th?)(T,,T,) correlation
tation, and the fact that the charge separation is dominated Ryyefficient. In the parallel configuratioiFig. 1) the oxygen
Coulomb repulsion forces yielding high atomic ion energies.
However, for molecules built with light atomic elements H,
C, N, and O, the measured total kinetic-energy releases are 1601 ¢
found to be 50% weaker than the kinetic-energy releases
expected from a pure Coulomb repulsion of pointlike
charges starting at the molecular equilibrium internuclear
distances. Due to th&'Z/R dependence of the Coulomb
repulsion potential wher® represents the nuclear coordi-
nates, a simple interpretation is to assume that the molecule
is strongly perturbed by the intense laser field and explodes
at twice its equilibrium internuclear distances. This hypoth-
esis has been confirmed by recent theoretical models, which
predict a dramatic enhancement of multiple ionization and
subsequent Coulomb explosion at critical internuclear dis-
tances larger than the equilibrium distances of the unper-
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This experimental work shows that a wide nuclear range 5 VASVAN
exists for the predicted enhancement of multi-ionization. v Omo

Within this range, large-amplitude bending and stretching
motions take place during the molecular explosion. The ex-

perimental procedure allows one to get the different compo- g1, 1. Double-correlation map of GOecorded ah=790 nm
nents of the atomic ions’ momenta using the molecular orixng| =10 Wicn? with the laser polarization direction parallel to
entation along the laser polarization axis. The covariancéhe detection axis. The correlation coeffici®®®(T,,T,) is mul-
mapping technique produces peak shapes in two- or thregplied by 1000 and is represented using a five-level gray scale as a
dimensional mass spectra, which represent momenta correlfunction of theT; (horizontal axig and T, (vertical axi3 ion times
tions of the departing atomic ioffg]. Then, the obtained of flight.

lon time of flight T, (2.5 ns / channel)
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FIG. 2. Double-correlation map of G@ecorded ah =790 nm FIG. 3. Double-correlation map of GQecorded ath=790 nm

and| = 10" W/cn with the laser polarization direction perpendicu- and | = 10 W/en? with circular laser polarization.
lar to the detection axis.

ions are ejected toward and away from the dete@toward fore the explosion is r_1e_gl|g|ble _c_ompared to the Coulom_b
repulsion energy, the initial positions determine the atomic

Z' + ;
O "y and backward & ions) and present a double-peak ;e fina) momentgP;};_,, at the end of the explosion. For

structure, while the middle carbon ions produce a single- ne gl 74
peak shape. In the perpendicular c&Bwg. 2) the time-of- each G'"+C” *+0"* channel, the calculated momenta

flight spectrum exhibits oxygen and carbon ion peaks witHi &€ represented in the molecular frame by their modulii
comparable widths, which constitute first hints of bendingPi(“*R) and angles;(«,R) with the Z axis as functions of
motions, since a stiff exploding molecule would produce narin€ @ @ngle between the C-O direction and thexis and the
rower carbon peaks. For the sake of clarity, only double corR=R(C-O) internuclear distance. The O-C-O angle is then
relations involving the O ion are presented and analyzed m—2a and bent geometries are introduced with nonzero
throughout this Rapid Communication. The correlation mapé’alues-

in Figs. 1 and 2 exhibit a variety of correlation peak shapes, The second step is to calculate the momenta in the labo-
In Fig. 1, the C-O" correlation peaks look like corners of a atory framePq=¢,- P, where the unit vectcg, is parallel to
parallelogram corresponding to correlations of thé iGn the ion spectrometer axis. In the frame attached to the laser

with the forward (J') and backward(0,) components of field, the orientation process does not change the initial iso-
the O' ions. In the perpendicular configuration illustrated in fOPIC azimuthal angle distributiod ,(4) of the molecular
Fig. 2, only a single peak appears in the middle of the abovelf@me, but produces a polar angle distributidh(6)
mentioned parallelogram. The same physical event detectetifongly peaked along the laser electric field. Deviations
in parallel and perpendicular configurations shows thdfom the molecular linear configuration are introduced by the
complementarity of the experimental data. In fact, the degenS@/Culateds angles of the momentu®t with the Z axis of
eracy of the ion momenta measurements can be overcome molecular frgme_ The measur® component of the
performing experiments at different molecular orientations MomentumP is given by

Finally, Fig. 3 represents the correlation map recorded with

circular polarization for which the molecular explosion can Pg=P(a,R){cog f,q)cod 6+ B(a,R)]

be considered as isotropic in space. THe@" correlation

peak is now the whole parallelogram, since all the compo- —sin(Opq)sin 0+ B(a,R)Isin(¢)}, (3
nents of the momenta along the spectrometer axis are de-

tected.

The observed correlation peak shapes are reproduced fokhere the anglé,4 between the spectrometer and laser po-
lowing a two-step approach. The first step is to perform coularization axes is fixed by the experimental conditions. For a

lomb explosion calculations in the molecular frame using sduantitative study, the nuclear coordinate distributions
repulsive Coulomb potential: D,(a) andDg(R) and the orientatioD ,( #) of the molecu-

lar frame are introduced as symmetric triangular distribu-
tions. These distributions are respectively peaked at the ob-
V[{Ri}i=1,n]:2 Z,Z/ /IR~ Ry, 2) served average valuesa.=0° R.=2R.(C-0), and
<] 0.=0°, with half width at half maximum (HWHM)
Aayp, ARy, and A6y, where R (C-0O) is the internu-
where{R;};_ , represent the vector positions of theepel-  clear distance of the GO bond of the unperturbed GO
ling atomic ions. Since the molecular ion kinetic energy be-molecule.
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TABLE |. Molecular orientation HWHM A#6, around

160} | . .
T =;gg:ggg 0.=0°, angle HWHMAa;, arounda.=0°, and internuclear dis-

140} - ) @igg -3 tance HWHMAR, aroundR.= 2R.(C-O) used in the calculations

120l = o o0 of correlation peaks for each detected channel

O+ +C%'* +O%". The angles are in degrees and &R, values

3
[
g
[¥]
E 1007 | are in units ofR,(C-0)=1.16 A, which is the €O bond internu-
d gol,—C | 4 v clear distance of the unperturbed £@olecule in its ground elec-
= ! tronic state.
E, 60F - 0%, -
5 40—{':’7 02" - A6y Aoy
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FIG. 4. Calculated double-correlation map with £@olecules bending motions Up tama,=2Aa;,=40% which constitute
oriented along the detection axis and assogiated with the exper'lg]e most strlklng.feature of this paper. .For yalukal?‘l,z and
mental data of Fig. 1. ay, corresponding to the zerp-pomt vibration of the unper-

turbed molecule, the calculations cannot reproduce in any
way the observed correlation maps. For the four introduced

Figures 4 and 5 represent the calculated doublechannels, the orientation of the molecular frame represented
correlation spectra that correspond respectively to the experby the HWHM A#,, of the D 4(6) distribution is more and
mental results of Figs. 1 and 2. The molecular parametergiore peaked aroung.=0° as the number of removed elec-
Aayp, AByp, andAR,, remain the same for both calcula- trons is increased.
tions, while 8,4=0° in the parallel casérigs. 1 and #and The origin of these observed nuclear motions comes from
0pq=90° in the perpendicular cagkigs. 2 and k The over-  physical processes such as the strong laser-induced elec-
all shapes of the correlation peaks are reproduced for eadronic polarizability and multielectronic ionization. The
laser polarization, and several sets of parameters are triddser-induced electronic polarizability involves bound and
until a good agreement is found between the experimentgteed electrons from the molecular-ion core. The Coulomb
data and the calculations. Using an isotropic distributionnteraction between the displaced bound or freed electrons
D () for the circular polarization, the calculated correlation gnd the nuclei will produce additional stretching and bending
peak shapes are again in good agreement with the expefigrces with an overall torque applied on the nuclear structure.
mental data of Fig. 3. In consequence, the numbers reportegince the electronic oscillations are much faster than the nu-
in Table | show clear evidence for large-amplitude stretchingyej motions, the nuclear potentials will exhibit an additional
motions betweerRpn=Re(C-O) 10 Rmna=3R(C-O) and  |5qer induced potential term where the ponderomotive poten-

tial U,=e’E?/ (4mqw?) should play a determinant role, as in

160 ‘ I [ o0 — 200 the laser-atom interactid®,10]. For the multielectronic ion-
F 140l I —J ization source of nuclear motions, recent models based re-
£ ot ® B 400 - 200 spectively on field ionizatiof3] and nonperturbative time-
5120 | i dependent calculationgt—6] have predicted that multiple
2 100} | ionization and subsequent Coulomb explosion are dramati-
w0 Y . .
d gl et % cally enhanced for elongated nuclear coordinates. This ex-
o ‘ perimental work shows that there exists a wide nuclear range
g ool L for the predicted enhancement of multi-ionization, from
$ sl 9 | -® Re(C-0) to 3R.(C-0O) for the G—O bond’s rupture of CQ
g 20} with a maximum at R,(C-O). Following both theoretical
€ F oo N models, a strong structural transition takes place between the
- 0100 field-free geometry and the exploding nuclear configuration.
<lons> o* This situation is specific to strong field effects in molecular
5 A physics and remains to be investigated in more detail using
S both improved experimental methods and theoretical devel-
120 140 160 opments.

lon time of flight T, (2.5 ns / channel) . o
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