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Laser-induced nuclear motions in the Coulomb explosion of C2Hz+ ions
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The laser-induced multifragmentation of C2H~ into protons and multicharged carbon ions is shown to
be a direct instantaneous explosion of the molecule. The evolution of the overall nuclear structure is
studied through ion-ion correlation peak shapes. The ratios of the maxima of the kinetic-energy release
distributions to the Coulomb repulsion energies calculated at the equilibrium internuclear distances are
measured to be 45% for the protons and 53% for the C + ions for all the detected H++C ++C
+H+ fragmentation channels. The time scale for electronic polarization and stripping compared with
the intramolecular electronic and nuclear time evolutions does not allow using a frozen molecular ion
structure for the description of the explosion, thus explaining in part the observed fragmentation pat-
tern. During the laser-induced alignment and subsequent stabilization of the molecular frame around
the laser polarization direction, the carbon-carbon axis undergoes small damped oscillations that remain
larger than the corresponding oscillations of the hydrogen-hydrogen axis. This difference comes from
the lower moment of inertia of the hydrogen atoms compared with that of the carbon atoms in the mole-
cule. However, the subsequent deviation from the initial linear structure remains small and is observed
when the molecular ion is not completely aligned along the laser electric field.

PACS number(s): 33.80.Rv, 33.80.Eh, 42.50.Vk

I. INTRODUCTION

The multiple ionization of molecules by different exci-
tation sources is now a subject covering a wide area of ac-
tivities in atomic and molecular physics. In particular,
femtosecond and picosecond lasers are now able to pro-
duce electric fields that are no longer small compared to
the molecular fields experienced by the valence electrons.
Molecular multiphoton multiple ionization has been stud-
ied with photon energies in the range 1.17—6.42 eV, cor-
responding to the available short-pulse duration amplified
laser systems [Nd +:YAG solid-state to ArF gas laser
media (where YAG denotes yttrium aluminum garnet)]
[1—10]. The consequence of the electron emission is the
dissociative ionization, producing multicharged atomic
fragments and showing the characteristic of Coulomb ex-
plosion, but with kinetic-energy releases lower than ex-
pected from the Coulomb repulsion of pointlike charges.
For instance, in the case diatomic molecules AB com-
posed of light atomic elements such as Nz, the fragmenta-
tion channels A ++B + exhibit kinetic-energy releases
E,„z,=0.45ZZ'/R, (a.u. ), where R, is the equilibrium in-
ternuclear distance [ll]. Most of the experiments are
performed with diatomic molecules in order to determine
the specific dynamics of the laser-molecule interaction.

The aim of this experimental work is to study the mul-
tifragmentation of polyatomic ions using a Ti:Sa fem-
tosecond laser field at A, =790 nm and in the 10' —10'
W/cm intensity range. The first question that arises in
short-pulse laser multielectron ionization is whether the
multifragmentation results from a sequence of molecular
dissociations or from a direct instantaneous explosion. In
the case of a sequential multifragmentation, daughter
molecular ions are produced from the laser-molecule in-

teraction and can give atomic ions either by unimolecular
processes or by a subsequent interaction with the laser
field. On the contrary, the direct multifragmentation
produces multicharged atomic ions which are ejected
simultaneously from the molecular ion. This situation can
be of particular interest for studying the stereostructure
of polyatomic species and in particular ions that are not
well known from infrared spectroscopy [12]. The second
important point is to understand the motional dynamics
of the nuclear structure in the strong laser field. For dia-
tomic molecules, it was shown that the internuclear axis
rotates during the laser pulse duration in order to align
with the laser polarization direction. This was interpreted
as the result of a torque due to the strong laser-induced
polarizability [6—10]. As a consequence, the laser-
induced Coulomb explosion angular distributions are
maximum for molecular ions that are completely aligned
along the laser electric field. In the case of polyatomic
molecules or ions, this alignment process can induce ad-
ditional nuclear structure deformations, in particular be-
cause of chemical elements with different moments of in-
ertia. These possible deviations from the initial molecu-
lar structure are important to identify in order to deter-
mine the nuclear structure just before the explosion.

For a first study of a four-atom molecule, we choose
CzH2 because acetylene is linear in both the neutral and
ionic ground states with a slightly larger C—C bond dis-
tance in the ion. In the 10 W/cm laser intensity range,
which is necessary for multiple ionization of the mole-
cule, C2Hz+ ions are produced following an eight-photon
ionization at A. =790 nm at the beginning of the leading
edge of the laser pulse. The processes described in this
work mainly originate from the molecular-ion popula-
tion. Because of the similarities of the neutral molecule
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and corresponding ion, we do not expect important
structural changes from the first ionization step of neu-
tral acetylene. In particular field ionization seems to be
the major mode for further electron emission [5,6]. The
laser wavelength is no longer the main parameter, which
is verified by the similar overall behavior with our pi-
cosecond dye laser system operating at X=616 nm. In
this case, the C2H2+ ions are formed following a six-
photon ionization of acetylene. In this paper, we report
the direct multifragmentation of C2H2 ions into protons
and multicharged carbon ions. Comparing our experi-
mental results with synchrotron excitation data in the
spectral range of double ionization of C2Hz, we do not
observe any sequential fragmentation that gives rise to in-
termediate daughter molecular ions. The nuclear motion
analysis shows that the protons are ejected closer to the
laser polarization direction than the associated mul-
ticharged carbon ions. This observation is attributed to
the fact that the laser-induced rotation is faster for the
hydrogen atoms than for the carbon atoms in the mole-
cule, thus producing a small deviation from the initial
linear structure of the C2H2+ ions when the molecular
ion is not thoroughly aligned along the laser polarization
direction. This is interpreted in terms of small damped
oscillations of the nuclear structure around the laser elec-
tric field. The paper is organized as follows. Section II
gives the experimental details. Section III presents the
major mode of the molecular multifragmentation with
the associated Coulomb explosion channels. Section IV
describes the dynamics of the nuclear motions in the
strong laser field. Finally, Sec. V summarizes the main
conclusions of this work.

II. EXPERIMENT

The laser-induced Coulomb explosion of the molecule
is produced by a 130-fs Ti:Sa laser system operating at
A, =790 nm and focused intensities up to 2X 10' W/cm
(CEA/DRECAM laser facility). The multicharged atom-
ic and molecular ion species are detected by time-of-Qight
spectrometry associated with the covariance mapping
technique [5,13]. A Wiley-McLaren double-chamber ion
spectrometer is operated so that the ion time-of-Right T is
a linear function of the projection of the ion initial
momentum P along the spectrometer axis Pz =P cos(8),
where P is the modulus of P and 0 is the angle between P
and the ion detection direction [14]

T(M, Z, P) = T(M, Z, P =0) Pcos(8)/ZeI', —

where e is the elementary charge, M and Z are, respec-
tively, the mass and charge number of the detected ion,
and F is the collection electric field. The dimensions of
the spectrometer (100-mm time-of-fiight drift tube, 40-
mm apertures, and high transmission grids) are optimized
for high collection efticiency and little ion angular
discrimination for low collection electric fields (F (200
V/cm), which give rise to high time-of-flight resolution.
In some experiments, the collection electric field F is in-
creased to ensure 100% collection eKciency in particular
for very energetic ions ejected perpendicular to the spec-
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FIG. 1. Ion time-of-Aight spectrum of C2H2, obtained at
g =790 nm and I=2.5 X 10' W/cm .

trometer axis. The ion signals detected by microchannel
plates are recorded with a Lecroy 9450 digital oscillo-
scope with 2.5 ns per channel temporal resolution and
coupled to a personal computer for further statistical
analysis. For instance, in Fig. 1, which represents the
time-of-Aight spectrum of C2H2, each carbon ion C + is
represented by two components, due to carbon ions ini-
tially ejected toward the detector (forward component
C +f) and in the opposite direction (backward com-
ponent C +i, ). The covariance mapping technique is a
statistical method based on correlated fluctuations of ion
signals coming from the same fragmentation channels.
Figure 2 represents the double ion-ion correlation map of
C2H2 and the associated time-of-Aight spectrum for the
H+, C +, and C + ions. The two-entry correlation
coefficient R ' '(t „t2 ) appears at t, for the horizontal
time-of-flight scale and t2 for the vertical one, when the
ions arriving at (i and t2 belong to the same dissociation
channel. The correlation coefficient R ' '(r „t2) is given by

R(2)(t»&2) C(2)(t»&2)/[C(2)(t»ti)C(2)(&»t, ))ir2 (2)

where C' '(t„t2)=(s(t, )s(t2)) —(s(t, ))(s(t2)) is the
covariance coefficient of the ion signals s(ti ) and s(t2) at
times of flight t, and t2. The brackets ( ) represent the
average values of the ion signals s(ti ), s(t2) and the ion
signals products s(t, )s(t2) obtained over a great number
of laser shots (typically 25 000). The correlation
coefficient R ' '(t i, tz ) is defined as the covariance
coefficient C~ ~(ti, t2) normalized by the signal root mean
squares [C' '(t„t, )]' and [C' '(t2 t2)]' at t, and t2
and ranges from —1 for an exact anticorrelation, 0 for
two independent Auctuations, and + 1 for an exact corre-
lation. Due to the microchannel plates' response and
spectrometer transmission, the order of magnitude of the
measured correlation coefficients is 10%%uo for two different
ions belonging to the same fragmentation channel. For
instance, islands labeled a, b, c, and d in Fig. 2 represent
the correlations of the C +b ion with, respectively, C +f,
C +f, H+b, and H+f. Notice that the C +& ion is not
correlated with the C +b ion, since in C2H2 two different
carbon ions cannot be ejected in the same direction, i.e.,
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FIG. 2. Double ion-ion correlation map of C2H2 and associ-
ated time-of-Aight spectrum for H+, C +, and C + ions record-
ed at X=790 nm and I =2.5X10' W/cm . The correlation
coefficient R appears as a dot when it is larger than 5%. Is-(2)

lands a, b, e, and d represent the correlation locations of the
C2+ ' ' 2+ 3+ +C b ion with C f, C f, H b, and H f, respectively. The+

reported lines represent the lines of the maximum correlation
coefBcients and are analyzed as a function of the C + momen-b momen-
tum in Fig. 3 with the same labels (a)-(d) ~
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the opposite direction of the detector in this case.
In the case of diatomic molecules AB, the two-entry

double correlation R' '(t„t2) is sufficient for the
identification of the two-ion channels A ++8

7

where t, and t2 represent, respectively the A + and
Z'+ 7

8 ion times of Right. For a four-atom molecule such
as C2H2, double correlations can be used, but with addi-
tional criteria, in order to identify four-ion fragmentation
channels H++ C ++C ++H+. Let us make an exam-
ple with the C b ion. For each correlation island in Fig.2+

2, there is a line of maximum correlations. The resulting
correlation coefficients along these lines are plotted in
Figs. 3(a)—3(d) as a function of the C +b initial momen-
tum for islands labeled a —d in Fig. 2. Figure 3(t)
represents the average C +b total ion count. Finally the
abscissa scale for the five curves of Fig. 3 is the same and
corresponds to the projection P =P of the C + ion

II d b 1on
momentum along the spectrometer axis. Figures 3(a) and
3(b) shows that the maxima of the C + /C and

3+ 2+ b an
C f /C b correlations occur respectively at 11 and 17

2+eV for C b ions. These different kinetic energies come
from the fact that there is more kinetic-energy release in
the C ++C + channel than in the C2++C + channel
due to Coulomb repulsion. Figures 3(c) and 3(d) show
that the maxima of the H+ /C + and H+ /C +

b

correlations occur also at 11 and 17 eV for C b. As a
conclusion, the 11- and 17-eV C +b ions belong, respec-
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FIG. 3. (t) Momentum spectrum of the C + ions. The not-
2+tion (C b ) stands for the averaged number of the ion count in

arbitrary units. (a) —(d) Correlation coefficients along the lines
of maximum correlation as a function of the C +b momentum

Pll along the spectrometer axis corresponding to islands a —d in
Fig. 2. The notation (X +d/C +b) represents the correlation
coeKcient of C +

b ions with X + =C +, C +, or H+ ions in the
d =f (forward) or b (backward) direction.



1434 C. CORNAGGIA, M. SCHMIDT, AND D. NORMAND 51

TABLE I. Fragmentation channels identified from Fig. 2.
The ion column represents the ions belonging to the specified
fragmentation channel. E„„,represent the measured kinetic en-

ergies at the maximum of the correlated ion energy distribu-
tions. The relative accuracy of the measurements is 5%. Ec,„&

is the corresponding calculated kinetic energy from the equa-
tions of motion for the Coulomb explosion of the molecular ion
(see text). Finally, the ratio E, pt/Ec, „, is expressed in percent.

Channel

H++ C'++ C'++ H+

Ion

H+
C2+
C2+
H+

Eexpt coul Eexpt ~ coul

(eV) (eV) (%%uo)

18
11
11
18

42.4
20.7
20.7
42.4

42
53
53
42

H++ C'++ C'++H+ H+
C3+
C2+
H+

25
16
17
23

57.5
30.0
31.9
48.8

43
53
53
47

H++ C'++ C'++ H+ H+
C3+
C3+
H+

29
24
24
29

64.7
45.9
45.9
64.7

45
52
52
43

III. COULOMB EXPLOSION
FRAGMENTATION CHANNELS

The ion time-of-Aight spectrum presented in Fig. 1 ex-
hibits only two molecular components C2H2+ and
C2H2 +. The absence, or the very weak contribution to
the total ion signal, of molecular ion species such as
C2H+, CH+, and CH2+ means that the fragmentation
channels involving these ions are not produced during the
laser interaction. One might think of a complete frag-
mentation due to the high laser field. This is not the case
because of the spatial distribution of the focused laser in-
tensity. Molecular ions that would be completely dissoci-
ated at the spatial hottest point of the laser are neverthe-
less detected because they come from outer regions where
the laser intensity is significantly lower. This is the
~eason why C2H2+ and C2H2

+ ion peaks appear in
time-of-Aight spectrum. Therefore, the strong atomic H+
and C + (Z = 1,2, 3) ion peaks correlated to the weak-
ness of the above intermediate molecular ion peaks are a
signature for a direct instantaneous explosion of the

tively, to the H+~+C +g+C +b+H+b and
H+&+C +&+C +b+H+& channels. In order to know
the kinetic-energy releases of the associated ions, we ana-
lyze in the same way the correlation coe%cients as a func-
tion of these ion initial momenta. The identification of
the C2H2 fragmentation channels from Fig. 3 is summa-
rized in Table I, where the measured kinetic-energy
releases are reported for each ion species. The overall rel-
ative accuracy of the measurements is estimated to be
5 o.

C2H2+ ion after the removal of the electrons by the
strong laser field. For instance, in comparison with syn-
chrotron excitation in the spectral range of double ioniza-
tion, one could expect the following channels producing
molecular ions [15]:

C+ +CH2+

C~H~ ~ 'H++C~H

CH++CH+

(3a)

(3b)

(3c)

In particular, the branching ratio for channel (3b) is mea-
sured to be 57%, so that we could expect a noticeable
C2H ion contribution in the time-of-Right spectrum.
The laser excitation results and the comparison with syn-
chrotron excitation show that the molecular spectrum
does not play a significant role in the laser-molecular ion
coupling. In particular, the dissociative states detected
and identified in the synchrotron experiment are not pop-
ulated in the laser excitation. Molecular bonds do exist
during the multiple electron ionization that gives rise to
the molecular explosion.

In order to analyze in more detail the Coulomb explo-
sion pattern, one has to consider the results coming from
the correlation technique (Figs. 2 and 3), which are sum-
marized in Table I. Previous experiments on diatomic
molecules have shown that the kinetic energies measured
at the maxima of the ion energy distributions are in-
dependent of the laser intensity, pulse durations in the pi-
cosecond and femtosecond regimes, and even the laser
wavelengths [3,5]. The same behavior is observed in this
work with our dye laser system at 616 nm and 2 ps pulse
duration and the Ti:Sa laser at 790 nm and 130 fs pulse
duration. The main Coulomb explosion observed chan-
nels are H++C ++C ++H+ with ~Z' —Z~ = —1,0, 1.
This situation is similar to that for diatomic molecules
and is called charge-symmetric fragmentation [5]. For
the same number of missing electrons of the transient
molecular ion, the successive ionization potentials associ-
ated with the ~Z' —Z~ = —1,0, 1 charge states are smaller
than those associated with larger ~Z' —Z~. Thus the mul-
tielectron ionizations occurs at the lowest thresholds, i.e.,
for charge-symmetric channels. In Table I we report the
calculated Coulomb energies for each ion belonging to a
specified pathway. The initial conditions of the explosion
are pointlike charges at rest and separated by the
C2H2+molecular ion internuclear distances calculated by
Lee, Rice, and Schaeffer with the multiconfiguration self-
consistent field method: R, (C—H)=1.096 A and
R, (C—C) =1.273 A in the linear configuration [16]. The
coupled equations of motion are solved by using pure
Coulomb repulsive potentials and the final momenta and
kinetic energies are obtained for each ion. For this calcu-
lation, the molecular frame is aligned along the laser po-
larization direction before the explosion. This statement
is correct for a comparison with energies measured at the
maxima of the ion distribution. Small deviations for mol-
ecules that are not completely aligned will be analyzed in
Sec. IV. The second point of the initial conditions con-
cerns the particles at rest. Although vibrational internal
energy should be present at the beginning of the explo-
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sion, in particular, due to the alignment process, it
remains small compared to the Coulomb repulsion ener-
gies of several tens of electron volts. The initial momenta
can be neglected in this classical mechanics first approxi-
mation. The most striking feature that appears in Table I
is that we get the same ratios E,„,/Ec, „i=52% or 53%
for the C + ions, whatever channel they come from. For
the protons, the same behavior is observed with a value
around 45%. These measurements are consistent with
previous measurements on diatomic molecules, where it
was found that the ratio E„,/Ec, „& remains constant.
The first hypothesis is to assume a simple Coulomb repu1-
sion of the atomic ions following the electrons ejection.
In this case, the Coulomb explosion occurs at internu-
clear distances larger than the molecular ion equilibrium
distances. In addition, since the ratio E,„~,/Ec, „,
remains constant, we do not expect a noticeable increase
of the internuclear distances during the electron stripping
from one channel to a higher charge state channel, for in-
stance, for H++C ++C ++H+ to
H++C ++C ++H+. As a consequence of a bare
Coulomb repulsion of atomic ions, the experimental re-
sults exhibit the Coulomb explosion of a modified molec-
ular ion with fixed larger internuclear distances.

The simplest model of the molecular behavior in the
strong laser field is to consider mechanical effects that
take place in the molecular ion C2H2+ before the
Coulomb explosion. In this two-step approach of the
laser-molecule interaction, the first step is the ionization
of the neutral molecule and the alignment of the resulting
molecular ion along the laser polarization direction as ob-
served for diatomic molecules [6—10]. During the violent
orientation and stabilization of the ion along the laser
electric field, the bond lengths increase with a stabiliza-
tion at larger values than the equilibrium distances due to
the combined effects of centrifugal forces and molecular
binding forces. The second step is the multiple ionization
of the modified molecular ion. As a consequence, the re-
sulting Coulomb explosion exhibits the observed proper-
ties with lower kinetic-energy releases and constant ratios
E,„~,/Ec, „i because of the larger dimensions of the ex-

ploding molecular ion.
However, in a more elaborate model, one has to con-

sider as a whole the strong coupling of the bound molecu-
lar electrons with the strong laser field, which is responsi-
ble for polarizability and orientation, dressed electronic
states and light-induced vibrational states, and the quiver
motion of the electrons freed from the molecule around
the molecular ion core in the high laser field. In particu-
lar, in the above simple mechanical model, the increase of
the internuclear distances is due to the orientation of the
molecular ion. Another source of bond lengthening and
stabilization can come from bond softening effects in the
molecular ions, which were observed by Bucksbaum and
co-workers in the case of H2+ [17,18]. The molecular ion
exhibits dressed states that are coherent superpositions of
field-free bonding and antibonding electronic states cou-
pled by the strong laser field. The molecular ionic popula-
tion can be trapped in light-induced vibrational states at
larger internuclear distances because the avoided cross-
ings and the resulting dressed potential wells take place

beyond the field-free equilibrium internuclear distances
[18]. In addition to this process, the motion of electrons
promoted to the ionization continuum in the strong laser
field can modify the fragmentation dynamics through
electron-nuclear couplings, before they leave the vicinity
of the molecule. Following the ideas of Schafer et al.
[19] and Corkum [20] developed for a unified theory of
optical harmonic generation and above-threshold ioniza-
tion, the quiver motion of these electrons gives rise to
scattering processes from the molecular ion core. The
time scale of the electron quiver motion is the laser
period 2.6 fs at 790 nm, which is much longer than the
electronic time scale in the molecular field and of the
same order of magnitude as nuclear vibration periods.
There is time for nuclear evolution during electron-nuclei
couplings, which can result from scattering of the quiver-
ing electron as it returns to the ion core. These ideas and
corresponding calculations are well developed for atomic
potentials and remain to be investigated for molecular
potentials. In any case, the electrons are not ejected sud-
denly from their site with a frozen nuclear structure dur-
ing their departure. We conc1ude this section with the ob-
servation of a direct instantaneous explosion of the
C2Hz+ ion, but with lower kinetic-energy releases than
expected from Coulomb repulsion at the equilibrium in-
ternuclear distances. The main cause of this observation
is to be found in the time scale of the laser-molecule in-
teraction compared to the molecular electronic and nu-
clear time scales. The nuclear structure does not remain
frozen during the laser-molecule interaction in the pro-
cesses of orientation, bond softening, and electron
scattering from the molecular ion core. A time-
dependent quantum-mechanical calculation is required to
identify the contribution of the above physical effects in
the same lines of the theory developed for atoms in
strong laser fields [19,20].

IV. LASER-INDUCED NUCLEAR MOTIONS

In the preceding section the direct explosion of the
molecule was analyzed with the associated fragmentation
channels for an averaged linear structure of the molecu-
lar ion. However, Coulomb explosion occurs for mole-
cules that are not completely aligned along the laser po-
larization direction. Since the experiments are performed
over a great number of laser shots and because of the pro-
babilistic nature of the molecular response, the observa-
tions represent a distribution of molecular ions that is
maximum for linear structure and complete alignment.
In this section we show how to get additional information
on the resulting nuclear motions from the ion correlation
peak shapes. The extensions of the correlation islands
are due to ions different initial momenta along the spec-
trometer axis for a same fragmentation channel. The
momentum distribution b,Pd( A +

) for a particular A
ion is related to the time-of-fiight distribution b, T( A +

)

following Eq. (1):

bP (A +)=ZbT(A )

In Fig. 2 the C +/C + correlations take place in
elongated shapes of time-of-Aight slopes equal to —Z/Z'
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or momenta slopes —1, which means that the carbon
ions are ejected with opposite and same modulus initial
momenta as for a diatomic molecules due to the symme-
try of acetylene. More interesting are the H+/C
time-of-Aight and momenta slopes, respectively,
b, T(H+ )Ib, T(C +

) and b.P&(H+ )/b, P&(C +
), along

the lines of maximum correlation coefficients. These
quantities are summarized in Table II according to the
charge state Z of the carbon ion. They correspond to ab-
solute values for the observed H+&IC +&, H+&/C
H b/C +&, and H+b/C +b correlation slopes, which
are measured to be nearly identical for the four islands
which belong to the same H+/C + correlation group.
The ratio bPz(H+ )IbP&(C +) does not depend dramat-
ically on the carbon charge state. Finally the four-island
pattern of the H+/C + correlations does not change
dramatically when the laser polarization direction is
turned with respect to the detection axis.

The simplest model is to consider a distribution of stiff
linear molecules around the 1aser polarization axis, which
produces ion mom enta along the spectrometer axis
Pz =P cos(8) with the same 8 angle between the momen-
tum P and the detection axis for protons and carbons
ions. If the observed variations of Pz are due to the an-
gular distribution of 0 around the zero value, then we
have

bP„(H+)/APED(C +)=P(H+)/P(C +) . (5)

TABLE II. Time-of-Aight slopes AT(H+)/AT(C +) and
momenta slopes hPz(H+)/hPz(C +) measured in double
correlation experiments for C2H2.

Z AT(H+)/AT(C +) AP„(H+)/AP, (C +)

0.21
0.45
0.67

0.21
0.22
0.22

The modulii of the proton and carbon momenta P(H+)
and P(C +

) are available from the experimental data at
the maxima of the correlation peaks. Using the above
equation, the slopes are calculated to be 0.37, 0.36, and
0.32 for the channels reported in Table II. The disagree-
ment with the experimental values means that there are
variations of the measured momenta P& along the spec-
trometer axis in addition to the overall rotation of the
molecular frame. Since the stiff molecule model fails to
explain the observed slopes, we have to consider the
stretching and bending motions during the laser-molecule
interaction and the resulting explosion. The predicted
stretching vibrational frequencies are 3285, 1812, and
3204 cm ' in the D„& linear configuration of CzHz+,
while the bending frequencies are significantly lower 741,
505, 710, and 697 cm ' including the Renner-Teller pair
of potential surfaces [16].As a consequence of the align-
ment process, bending motions are more likely to occur
due to the lower force constants [21].Following this hy-
pothesis, we can calculate the final momenta for each ion
in a more general form with respect to the detection and

polarization directions represented, respectively, by the
unit vectors e& and e . Assuming an initial linear
configuration of the ion, the rotation process takes place
in a plane, which can be referenced by the angle P with
the plane defined by ez and e&. In the rotation plane, the
final momenta will have an angle 0 with the e laser po-
larization axis vector. Finally if Oz& represents the angle
between the e and e& vectors, the measured momentum
along the e& detection axis vector is

P& =P(8)[sin(8) cos(P) sin(8 z )+cos(8) cos(8 z )] . (6)

P (8) is the modulus of the momentum P and does not de-
pend on the angle P because of the cylindrical symmetry
around the laser polarization direction. This formulation
is different from that given in Eq. (1) in Sec. II. Here the
angles 8 and P are physical parameters associated with
the nuclear motions relative to the laser electric field,
while the angle 0&& represents an experimental parameter
relative to the orientation of the detection axis.

The first approximation is to consider that P(8) does
not depend on 0 since 0 remains close to zero. When the
laser polarization direction is parallel to the drift tube
axis, i.e., e&=e, then we find the detected momentum
along the spectrometer axis P&=Pcos(8) as in Eq. (1).
At the beginning of this section we observe that the angle
0 is not the same for the hydrogen and carbon ions. As-
suming small values of 0 around zero, the momentum
slopes are

hPg (H+ ) /AP ( C +
)

=[P(H+)/P(C +)][8 (H+)/8 (C +)] . (7)

In order to simplify the discussion we consider only pro-
tons and carbon ions ejected in the same direction, i.e.,
H+&/C +& or H+b/C +&. The signs of the slopes
LPGA(H+)IbP&(C +) have to be reversed in the other
cases using symmetry considerations. The observed
slopes are reproduced for 8(H+ ) =0.778(C +

) in the case
of the H++C ++C ++H+ channel and
8(H+ ) =0.838(C +

) in the case of the
H++C ++C ++H+ channel. Because of the square
dependence of the angular part of Eq. (7), ejection angles
8(H+) and 8(C +) can have opposite signs. A more
complete investigation of the fragmentation is obtained
with experiments performed at different angles 0~& be-
tween the laser polarization and spectrometer axis. The
four elongated islands pattern is conserved for
8 z =20,40', 60 . Because of the sin(8) dependence of Pz
in Eq. (4), 8(H+ ) and 8(C +

) must have the same sign to
keep the observed linear shapes of the correlation peaks.
The resulting main observation is that the final angles of
ejection are smaller than for the carbon ions.

Finally, it is possible to give estimates of the relative
variations of the angles a(H) and a(C) between the laser
polarization axis and, respectively, the carbon-carbon
axis and the hydrogen-hydrogen axis. The relationship
between the small angles a(H) and a(C) around the zero
value is calculated using Coulomb explosion calculations
for a slightly nonlinear molecule and the measured ejec-
tion angles of the momenta. For the
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H++C ++C ++H+ and H++C ++C ++H+ chan-
nels, we find, respectively, a(H) =0.88a(C) and 0.9la(C).
Both results are very close for both channels: the explo-
sion takes place with similar initial positions conditions.
This result is to be related to the fact that the measured
kinetic-energy releases do not show any noticeable inter-
nuclear increase from channel to channel. Furthermore,
the extensions of the correlation islands are due to a dis-
tribution of molecular ions with different initial orienta-
tions and structures. For each laser shot, there is a prob-
ability for detection of a particular geometry which is
maximum for completely aligned molecular ions. Because
of the proportionality relation a(H) =0.9a(C), the
carbon-carbon and hydrogen-hydrogen axes undergo
small damped oscillations around the laser electric field
with a slightly larger amplitude for the carbon axis. The
hydrogen atoms remain closer to the laser polarization
axis than the carbon atoms due to their smaller moment
of inertia within the molecular ion: I(H) =3.00 amu A
and I(C)=4.86 amu A . However, in the alignment and
subsequent stabilization of the molecular frame around
the laser electric field, this essentially inertial deviation
from the linear structure remains small due to the
stiffness of the molecular ion. This interpretation is based
on classical mechanics considerations. A more thorough
model has to deal with vibrational wave functions to get
the molecular spatial distribution including the strong
coupling between the laser-induced rotation and bending
and stretching motions in a full quantum calculation.
This approach will allow a closer and more quantitative
description of the experimental data.

pected from the ion equilibrium internuclear distances
are interpreted in terms of strong laser field polarization
of the bound and free molecular electrons, which allows
deformation of the nuclear structure before the multiple
ionization. Several physical mechanisms can modify the
molecular ion nuclear structure such as orientation along
the laser electric field, bond softening, laser-induced
molecular dressed states, and electron quiver motion with
the associated scattering processes from the molecular
ion before they leave the vicinity of the ion core. In all
these cases, the time scale for electron stripping is large
enough for electronic and nuclear structure evolution in
the strong laser field. The nuclear motions during the ex-
plosion are analyzed through the ion-ion correlation peak
shapes. We observe small damped oscillations of the
molecular frame around the laser polarization direction
that produce a distribution of ion momenta detected in
correlation experiments. The hydrogen-hydrogen axis
remains closer to the polarization direction than the
carbon-carbon axis because of the lower moment of iner-
tia associated with the hydrogens. However, the devia-
tion from a linear structure remains small when the mole-
cule is not completely aligned. The laser-induced
Coulomb explosion of polyatomic ion species could be-
come a tool for further stereochemical structure studies
using small-scale experiments in comparison with ion-
beam experiments, provided that more theoretical
knowledge would be available about strong laser field
effects.
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