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Intense laser pulse duration effects in the Coulomb explosion of the N2 molecule are studied using 10- and
40-fs laser pulses in the 1014–1016 W cm−2 intensity range. At 10 fs, no significant molecular stretching is
observed during multi-ionization events up to the N2++N2+ fragmentation channel. Kinetic energy releases are
larger and fragmentation yields are lower at 10 fs than at 40 fs due to the 1/R scaling of the molecular
multi-ionization thresholds. These results open the way to Coulomb explosion imaging of neutral molecules
using intense sub-10-fs laser pulses.
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Coulomb explosion imaging is used in beam-foil experi-
ments. Very short interaction times of the order of 0.1 fs
within the foil allow us to get the instantaneous positions of
atoms in the moleculef1g. In the late 1980s and early 1990s,
Coulomb explosion was demonstrated using intense picosec-
ond and femtosecond laser pulsesf2,3g. Since then, many
studies have been devoted to molecules and clusters in strong
laser fieldsf4g. Laser pulse durations of several tens of fem-
toseconds remain long in comparison with the vibrational
periods of molecules. In consequence, the interpretation of
the experimental data demands us to take into account the
nuclear coordinates evolution during the interaction timef5g.

In the same time, intense laser pulses as short as 20 fs
became available at the TeraWatt level due to the concept of
chirped-pulse amplification associated with the large band-
width of the Ti:sapphire gain mediumf6,7g. The 20-fs pulse
duration lower limit is set by gain bandwidth narrowing in
the preamplification stage. The generation of 5-fs laser
pulses at a 100-GW power level and 1-kHz repetition rate
was made possible using two techniques that appeared in the
1990sf8g. The first one relies on pulse spectral broadening,
which is achieved by self-phase modulation in a hollow fiber
filled with a noble gasf9g. The hollow fiber behaves as a
single-mode waveguide where the propagation of intense
pulses produces an efficient third-order nonlinear polariza-
tion in the atomic medium. The spatially uniformed broad-
ened pulses in the frequency domain are then recompressed
in the temporal domain down to the Fourier limit using
chirped-mirrors technologyf10g.

In principle, these new developments will open the way to
laser-induced Coulomb explosion of molecules without any
noticeable nuclear coordinates change during the interaction
time. The molecular multi-ionization thresholds scale as 1/R
whereR is the internuclear distance. In consequence, excita-
tion and explosion at the molecular equilibrium distance are
expected to produce more energetic fragments than in the
case where a noticeable stretching occurs before the ioniza-
tion events. In addition, the corresponding energies deposited
in the molecule are higher because of the 1/R dependence
and the resulting fragmentation yields are expected to be
weaker using similar laser intensities.

This paper is aimed at presenting results on the Coulomb
explosion induced by intense 10-fs pulses and comparing

them with previous results recorded with 40-fs pulses using
comparable laser intensities. The experimental results sup-
port the above simple statements about pulse duration effects
on molecular Coulomb explosion. In particular, we show that
multi-ionization and Coulomb explosion occur at the equilib-
rium internuclear distance up to the N2++N2+ dissociation
channel for N2 using 10-fs laser pulses. Similar results were
recorded for the O2 molecule and will be presented else-
where.

The main laser system is a 1-kHz Ti:sapphire laser pro-
ducing 600-µJ, 40-fs laser pulses with a wavelength spec-
trum centered at 800 nm. The pulse compression setup is
designed following the techniques of Nisoliet al. f9g and
Sartaniaet al. f8g. The laser spectrum is broadened in a 700-
mm-long hollow fiber with a 250-µm inner diameter. The
nonlinear Kerr effect takes place in argon at a pressure of
700 mbar. After recollimation by anf =1 m concave silver
mirror, pulses are recompressed using several reflexions on
broadband chirped mirrors. The spectrum and pulse duration
are measured using, respectively, a commercial spectrometer
and a homemade interferometric autocorrelator. Figure 1 pre-
sents a spectrum and an autocorrelation of 10-fs pulses. In
Fig. 1sad the spectrum exhibits a three-peak structure over
around 200 nm due to self-phase modulation in argon gas.
The Fourier transform of the corresponding electric field is
introduced in the calculation of the interferometric autocor-
relation assuming a given spectral phase. The comparison
between the measured and calculated signals is presented in
Fig. 1sbd. The good agreement shows that the chirped-
mirrors compression stage works well. The remaining dis-
agreement comes from the cubic and quartic residual phases
that cannot be compensated with our setup. From these mea-
surements and calculations, the pulse duration is found to be
10 fs at full width half maximum in intensity.

Molecular ions and dications, as well as multicharged
fragments, are detected using a 1150-mm-long time-of-flight
spectrometer based on the Wiley-McLaren configuration
f11g. Fragmentation channels and the associated kinetic en-
ergy release spectra are determined using the covariance
mapping of Frasinskiet al. f12g.

Laser-induced double ionization of N2 and the resulting
N++N+ dissociation pattern was investigated in our labora-
tory using 40-fs laser pulses in the 1014–1015 W cm−2 laser
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intensity rangef13,14g. Excitation at the neutral molecule
equilibrium internuclear distance and subsequent population
of several electronic states of N2

2+ were found to be respon-
sible for the metastable N2

2+ ion and the N++N+ fragmenta-
tion channel simultaneous detections. This conclusion is sup-
ported by the fact that the singly charged N2

+ precursor ion or
the neutral molecule in the case of nonsequential double ion-
ization are highly stable. Therefore no large molecular
stretchings are expected before double ionization events.
This statement is no more valid for fragmentation involving
higher molecular charge states such as the N2++N2+ frag-
mentation channel. In that case, the precursor molecular ion
is N2

3+ for a single ionization. This molecular ion does not
support any quasibound state because Coulomb repulsion is
the dominant force even at short internuclear distancef15g.
In consequence, depending on the pulse duration, the N2

3+ ion
has time to stretch out before the ionization event leading to
N2

4+ and the N2++N2+ fragmentation channel. Therefore, the
N++N+ and N2++N2+ kinetic energy release spectra are ex-
pected to exhibit different pulse duration dependences.

Figure 2 represents the spectra of N+ ions from the N+

+N+ channel at 40 and 10 fs for three different laser inten-
sities. Similar spectra are recorded for both pulse durations.
The detected structures in Fig. 2 come from different mo-
lecular states of the N2

2+ dication and do not depend on the
laser intensity. For instance, the electronic states associated
with the N+ peaks at around 4 and 5 eV might, respectively,
be the1Dg and1Pg statesf16g. Other states are equally good
candidates because of the very high density of states in this
spectral regionf17g.

The N2
4+ molecular ion does not exhibit any bound or

quasibound electronic statef18g. In consequence, the elec-

tronic energy increases as the internuclear distance de-
creases. Figure 3 represents the N2+ kinetic energy spectra
recorded at 40 and 10 fs using the same peak laser intensity
231015 W cm−2. Structures labeledA, B, C, and D come
from different fragmentation channels involving the N2+ ion

FIG. 1. Ultrashort 10-fs laser pulse.sad Wavelength spectrum,
sbd interferometric autocorrelationsIACd, where the experimental
and calculated signals are given, respectively, by the full and dotted
curves. The IAC curve is calculated using the Fourier transform of
the frequency domain electric field and assuming a constant spectral
phase.

FIG. 2. Normalized covariance energy spectra of N+ ions from
the N++N+ fragmentation channel of N2 recorded at three peak
laser intensities 431014 W cm−2, 831014 W cm−2, 2
31015 W cm−2, and with different pulse durationssad 40 fs andsbd
10 fs.

FIG. 3. Kinetic energy spectra of N2+ ions from N2 recorded at
231015 W cm−2 at sad 40 fs, and atsbd 10 fs pulse durations. In
each casesad and sbd, the upper curves represent spectra of all the
detected N2+ ions. The labelsA, B, C, andD in panelssad andsbd
represent, respectively, thesAdN2++N, sBdN2++N+, sCdN2++N2+,
andsDdN2++N3+ fragmentation channels. These channels are deter-
mined using covariance mapping. For instance, the lower curves in
sad andsbd represent thesN2+,N2+d covariance spectra that identify
the N2++N2+ fragmentation channel without any ambiguity.
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as it is reported in the caption. The N2++N2+ fragmentation
channel labeledC is identified by the covariance spectra rep-
resented by the lower curves. The first striking observation is
the shift towards higher energies when the pulse duration is
reduced to 10 fs. This shift simply means that molecular
explosion occurs at shorter internuclear distances. In addi-
tion, the branching ratio of the N2++N2+ channel is weaker at
10 fs than at 40 fs in comparison with the N2++N+ channel
as it can be seen from the heigths of theB andC structures.
This result is consistent with higher kinetic energy releases at
10 fs. Indeed, at shorter internuclear distances, the N2

4+

threshold is higher and in consequence, the corresponding
ion yield is weaker than the ion yield obtained at larger in-
ternuclear distances.

In Fig. 4, the N2++N2+ kinetic energy releases at the ion
spectra maxima are summarized as a function of the peak
laser intensity for 10 and 40 fs pulses. The energies increase
as the laser intensity is increased and in the case of the 10-fs
pulses, the kinetic energy release is very close to the Cou-
lomb repulsion energy at high laser intensities. In conse-
quence, the N2++N2+ Coulomb explosion takes place at in-
ternuclear distances close to the neutral molecule equilibrium
distance. The pulse duration and laser intensity dependences
in Fig. 4 are explained by the simple following model. Let us
take the laser intensity asIstd= I0expf−st /td2g wheret is the
pulse duration divided by 2Îln 2 and I0 is the peak laser
intensity. Let us assume a sequential ionization scheme lead-
ing to the N2

4+ ion and subsequent instantaneous N2++N2+

Coulomb explosion, where the N2
3+ precursor ion is created

at timet1 and laser intensityI1. Then, the single ionization of
this ion at timet2 and intensityI2. I1 leads to the observed
N2++N2+ fragmentation channel. Ionization events are as-
sumed to occur during the pulse rising edge, i.e., att1, t2
,0. The time delayt2− t1 between both ionization events
given by

t21 = t2 − t1 = thÎlnsI0/I1d − ÎlnsI0/I2dj s1d

is proportional to the pulse duration. In consequence, long
pulses allow more time for molecular stretching due to the

N2
3+ dissociation. The final larger internuclear distance ex-

plains the lower kinetic energy releases of the N2++N2+

channel in Fig. 4. The peak laser intensity dependences of
these energies is explained by the derivativedst2− t1d /dI0,
which is a negative number proportional to the pulse dura-
tion

dst2 − t1d
dI0

= −
t

2I0

ÎlnsI0/I1d − ÎlnsI0/I2d
ÎlnsI0/I1dÎlnsI0/I2d

. s2d

As the laser intensity is increased, less time is left in the
pulse rising edge for molecular stretching of the N2

3+ ion and
in consequence the N2++N2+ energies are larger, as in Fig. 4.

Finally, fragmentation yields coming from molecular mul-
tiple ionization are expected to be smaller at 10 fs because of
higher ionization potentials at short internuclear distances.
This point is confirmed by Fig. 5, which represents two time-
of-flight spectra recorded using 40- and 10-fs laser pulses
and comparable peak laser intensities. Both spectra are nor-
malized to the N2

+ peak in order to compare the fragmenta-
tion ratios. Although the 10-fs pulse intensity is chosen to be
higher than the 40-fs pulse, Fig. 5 shows clearly that frag-
mentation is much less pronounced using the 10-fs laser
pulse. The N2

2+ peak comes from detected metastable dica-
tions and exhibits the same height in both spectra. It simply
comes from saturation of this channel at high laser intensi-
ties. In this case, the signal is expected to be proportional to
the pulse duration. Normalization of both spectra to the N2

+

ion peak, which is also saturated, gives the observed equiva-
lent heights.

FIG. 4. Kinetic energy releasessKERd of the N2++N2+ fragmen-
tation channel atsad 10 andsbd 40 fs as a function of the peak laser
intensity. These energies are the energies of the maxima of the
corresponding kinetic energy release spectra. The Coulomb repul-
sion energy is the electrostatic repulsion energy calculated at
ResN2d=1.098 Å.

FIG. 5. Time-of-flight spectra of N2 recorded with different
pulse durations and comparable peak laser intensities.sad 40 fs and
531015 W cm−2, sbd 10 fs and 7.431015 W cm−2. The spectra are
normalized to the maximum of the N2

+ peak. Double-peak structures
of ionic fragments come from forward-and backward-emitted ions
with respect to the ion detector position.
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In conclusion, molecular multiple ionization occurs at
short internuclear distances close to the neutral molecule
equilibrium distance using ultrashort 10-fs laser pulses. The
main consequences are higher Coulomb explosion kinetic
energy releases and lower fragmentation yields. This work
opens the route to Coulomb explosion imaging of neutral

molecular species using small-scale laser-based experiments.
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