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Carbon geometry of C3H3+ and C3H4+ molecular ions probed by laser-induced
Coulomb explosion
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(Received 19 June 1995)

The structure of C3H3+ and C3H&+ ions produced by nonresonant multiphoton ionization is determined

using laser-induced Coulomb explosion and associated multicharged atomic ion momenta correlations. Both
cations exhibit the same C3 average elongated linear carbon geometry. Stretched and bent nuclear configura-
tions around the average structure are included in the calculations in order to reproduce the observed ion-ion
correlation peak shapes.

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

The laser-induced Coulomb explosion of molecules has
become possible with the advent of picosecond and femto-
second lasers, which can deliver intensities in the 10'—
10' W/cm laser intensity range, where the laser electric
field is comparable to the molecular field experienced by
valence electrons. The ejection of these outer electrons pro-
duces the explosion of the transient molecular ion into mul-
ticharged atomic ions:

[ABC ]—+Az ++B ++C +( kinetic-energyrelease).

Figure 1 represents the mass spectra recorded with C3H4
and C3H8 molecules. For C&H4, the dominant molecular ion
peaks are due to C3H4+ and C3H3+ cations and C3H4

+ and

C3H2 dications. The contribution of the C2H„+ ions is
very weak in comparison with the detected C2H~ ions with
p=2, 3,4,5 in the mass spectrum of C3H&. In the case of
aliene, four ~ electrons can absorb photons, while the C3
carbon skeleton remains bound by o. electrons; hence the
detection of C3H4

+ and C3H2
+ dications with two missing

~ electrons. In addition, the very weak C2H„+ cation's con-

Much experimental data has been published in the literature
for diatomic molecules since the pioneering work of Frasin-
ski et al. [1,2]. In particular, the whole fragmentation pattern
is found to be independent of laser excitation conditions,
such as the laser wavelength, pulse duration, and intensity
[3]. For polyatomic ion species, such as CO&+ or C2H2+,
the multifragmentation into multicharged atomic ions is ob-
served to be a direct process, with no intermediate daughter
molecular ion formation [4,5]. The aim of this work is to
determine the geometry of the carbon chain of the ion spe-
cies C3H4+ and C3H3+ produced by nonresonant multipho-
ton ionization of aliene, using laser-induced Coulomb explo-
sion. In order to emphasize the C3 carbon skeleton behavior
for linear and bent structures, respectively, a comparison of
the aliene and propane multifragmentation patterns is pre-
sented. These experiments provide a direct determination of
the molecular geometry in the intense laser field.

Molecular Coulomb explosion is produced by a 130-fs
Ti:sapphire laser system operating at X = 790 nm and focused
intensities up to 2X 10' W/cm (CEA/DRECAM laser facil-
ity). The single ionization occurs at the beginning of the laser
pulse and then multiple ionization appears for higher instan-
taneous laser intensities. The resulting multicharged atomic
and molecular ion species are detected by a Wiley-MacLaren
short time-of-flight ion mass spectrometer [6], which is op-
erated so that the ion time of flight T is a linear function of
the projection of the ion initial momentum P along the spec-

!I Z'+trometer axis [5]. The C + +C + +C " fragmentation
channels are identified using momenta statistical correlation
techniques based on covariance mapping introduced by Fra-
sinski et al. [2].
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FIG. 1. Mass spectrum of C3H4 and C3H~ recorded at P =790
nm, I=2,5&&10' W/cm, and @=10 Torr. The ratio M/Z repre-
sents the mass divided by the charge.
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FIG. 2. Time-of-Aight double-correlation map and associated
time-of-flight spectra recorded for C3H4 at X = 790 nm and
I= 5 X 10' W/cm . The double-correlation coefficient
R~ ~(T, , T2) is multiplied by 1000 and represented using a five-

level gray scale as a function of the horizontal T, and vertical T2

time-of-fiight axes. Each C -C + (Z', Z=2, 3) correlation pattern
ztl + z'+

exhibits a six-island pattern associated with the C& ++C ++C~
channel, where the subscripts f, m, and b correspond, respectively,
to forward, middle, and backward ions registered by the spectrom-

eter detector. No. 1: C&
+-C +; No. 2: C& +-C„+;No. 3: C

C+'No 4'C +C+ No 5'C +C 'No 6'C +C+

tribution to the mass spectrum is a clear signature of the
direct instantaneous multifragmentation of the C3 chain with
no intermediate production of daughter molecular ions. For
propane, only o. electrons are coupled to the laser field.
When they are excited to o.* orbitals or to the continuum, the
molecule becomes highly unstable, so that we detect
C2Hp and CHq

+ coming from the rupture of the C3 carbon
chain.

In Figs. 2 and 3, the conventional C + and C + time-of-
flight spectrum is placed along the ion time-of-flight axes
T, and T2. For aliene (Fig. 2), the carbon C + ions exhibit a
triple-ion peak structure that is due to ions with initial mo-
mentum headed toward the detector (forward ions C& ),
away from the detector (backward ions Cz+), and ions with
little initial momentum, which come from the middle carbon
atom (C +). The islands in the central map represent ion-ion
correlation peaks, which involve ions of time of flight T& for
the horizontal axis and T2 for the vertical one. For each

Z +C -C + correlation location, a six-island pattern is de-
tected and corresponds to the different pair of ions belonging

to the C&
+ +C + +Cb fragmentation channel. Triple

Z+ Z+C +-C +-C + correlations were recorded at a lower time-
of-Bight resolution for a complete assignment of the explo-
sion channels of the C3 chain of C3H4. Table I summarizes

FIG. 3. Time-of-Aight double-correlation map and associated
time-of-flight spectra recorded for C3H& at X = 790 nm and
I=5X10' W/cm .

the detected channels and the corresponding kinetic-energy
releases, which are measured at the maxima of the correla-

zff + Z'+
tion coefficients. For a particular channel C + +C
+C +, the kinetic-energy release spectrum exhibits only one
maximum. In consequence, the geometries of C3H4+ and
C3H3+ precursor molecular ions are similar; otherwise sev-
eral maxima would be observed. In Table I, the measured
kinetic-energy releases that are lower than expected from a
pure Coulomb repulsion and constant ratios E„p,/Ec, „&are
common features of laser-induced Coulomb explosion of di-
atomic and polyatomic ion species. The simplest explanation
is to consider that Coulomb explosion occurs at larger inter-

nuclear distances R, than the equilibrium distances R,+ due
to the 1/R dependence of the Coulomb repulsion potential.
Here R, =2.1 R,+, where the 2.1 factor is the inverse of the
0.47 average value of the E, pt/Ec, „&ratios. Since these ra-
tios remain nearly constant whatever the charge state of the
exploding channel (Table I), the successive ionization steps
of the initial molecular cation do not modify the geometry
from one ionization event to the next one. These observa-
tions are in good agreement with two recent models based,
respectively, on field-ionization [7] and on quantum time-
dependent calculations [8]. Both approaches predict that
Coulomb explosion is dramatically enhanced at critically
larger internuclear distances than the equilibrium internu-
clear distances of the unperturbed molecular ion.

Since the measurements of the ejected ions' momenta
give information on the positions of the atoms within the
exploding molecule, the following simple model is compared
with the experimental data. The geometry of the C3 chain is
given by the internuclear distance between the carbon atoms
R=R(C-C) and the angle y between the two C—C bonds.

Zir +The momenta P(R, y) of the ions belonging to the C
Z'++C ++C + channel are calculated as the results of a pure
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TABLE I. Fragmentation channels of aliene identified from
double- and triple-correlation experiments. E„„,is the measured
kinetic-energy release at the maximum of the correlation coefficient

for each ion component of the C ++C ++C + channel. The rela-

tive accuracy is 5% except for the middle carbon ions C + for
which the kinetic energies remain very weak. Ec,„&represents the
corresponding calculated energy for Coulomb explosion of the C3
linear chain starting at the R, (C-C) equilibrium internuclear dis-
tance of the C3H4+ ion. The ratios E„p,/Ec, „& are expressed in

percentages.
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Coulomb repulsion between these ions. The classical equa-
tions of motion are solved for each initial (R, y) couple in
the molecular frame. Bent geometries around the linear
structure are introduced with y angles different from 180 .
The momenta can be represented by their moduli P(R, y)
and angles P(R, y) with the molecular Z axis. For parallel
detection axis and laser polarization direction, the detected
momenta are given by Pd P(R, y)cosl 8+P——(R,y)], where
0 is the angle between the Z axis of the molecular frame and
the detection axis. Bent configurations are assumed to take
place in the plane defined by the laser polarization axis and
the initial linear C3 chain, where the molecular rotation takes
place. Figure 4 represents the calculated double-correlation
time-of-Aight spectrum for aliene. The average geometrical
initial conditions are R, =2.1R, (C-C) and y, = 180', where

R,+(C-C) is the carbon-carbon internuclear distance of the
linear nonperturbed C3H4+ ion, and the 2.1 factor stands for
the observed elongated shape of the molecular structure.
Bent and stretched configurations around these values are

I I I I I ~ I, I, I

20 40 60 80 100 120 140 160

ion time of flight T„(2.5 ns / channel)

FIG. 4. Calculated time-of-Aight double-correlation spectrum
for a linear C3H4+ ion. The spectrometer operating conditions and
island labels are the same as in Fig. 2.

introduced using simple triangular distributions peaked at
R, and y, , with respective total extensions from 0.5R, to
1.5R, for R and from 140 to 220' for y. The molecular
alignment is represented by a triangular 0 distribution peaked
at 0,=0, with a total extension from —40' to 40 . These
values were chosen to fit the experimental data and no effort
was made to normalize the results, since we are mainly in-
terested in correlation locations. The agreement between the
calculated and the observed correlations is good and con-
firms the linear exploding configuration of the detected
C3H4 and C3H3+ ions. The extensions of the correlation
islands are due to different geometries around the average
linear structure. Moreover, the linear configuration calcula-
tions do not reproduce the observed correlation map re-
corded with propane represented in Fig. 3. The observed el-
liptical shapes of the correlation islands come from the bent
structure and possible sequential multifragmentation and re-
main to be investigated in more detail.

In conclusion, the carbon geometry of C3H4+ and
C3H3+ ions produced by nonresonant multiphoton ionization
is shown to be identically linear. The maxima of the kinetic-
energy release spectra show that the molecular ions explode
preferentially for elongated internuclear distances, in good
agreement with two recent theoretical models [7,8]. Finally,
this work is a first step forward using laser-induced Coulomb
explosion as a tool for stereostructure studies of small poly-
atomic ions.
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