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We have studied the multielectron dissociative ionization of Cl, with intense 130-fs laser pulses at 395,
610, and 790 nm, and 2-ps pulses at 610 nm. The kinetic-energy releases and the fragmentation branch-
ing ratios are found to be essentially independent of the laser wavelength and of the pulse duration.
Moreover, for all fragmentation channels up to Cl,}* —Cl1** +CI**, the measured energy releases are
systematically 70% of those expected from a simple Coulomb explosion of the molecule at its neutral
ground-state equilibrium internuclear distance. This constant-energy ratio is even more surprising in the
picosecond regime, where the pulse duration largely exceeds the molecular ground-state vibrational
period by a factor of 30 so that the molecular motions cannot be considered as frozen during interaction.
The results are tentatively explained in terms of laser-induced stabilization of the transient molecular
species via charge-resonance or charge-transfer couplings. In this picture, the electron removal occurs
at the end of the laser pulse, leading only then to the explosion of the multicharged ions.

PACS number(s): 33.80.Rv, 33.80.Wz, 42.50.Hz

I. INTRODUCTION

When submitted to an intense (sub-) picosecond laser
field, molecules in the gas phase become multiply ionized
and explode into fragments. This process is commonly
called multielectron dissociative ionization (MEDI). The
molecular ions, which are formed during the MEDI in-
teraction, are transient species with lifetimes too short to
be detected. The use of correlation techniques, however,
allows us to trace back the fragmentation dynamics to an
early stage, by identification of all the different ionic frag-
ments proceeding from the same transient species. Dur-
ing the fragmentation, the potential energy of the tran-
sient ion is converted into the kinetic energy of the frag-
ments. Once the fragmentation channels are identified,
the kinetic-energy releases can be deduced from the mea-
surement of the fragment velocities.

The high complexity of MEDI interactions renders a
theoretical description extremely difficult. The simplest
way to describe the molecular response is to use the
point-charge model. In this model the electron removal
is supposed to occur at the neutral-molecule internuclear
separation R,, and the nuclear point charges of the tran-
sient molecular ions are only submitted to electrostatic
forces. In the case of diatomic molecules, the kinetic en-
ergy released from the AB”*9* transient ion dissociat-
ing into the fragments 4”* and B?™ is then simply given
by Ec,[eV]=14.4pq /R,[A], where E, is commonly re-
ferred to as Coulomb energy and p,q are the unit charges
of the two atomic fragments.

All the MEDI experiments, however, have systemati-
cally shown that the measured kinetic-energy releases
E ¢ are significantly lower than those (E(,) predicted
by the point-charge model. In most cases [1,2], the ener-
gy ratio E,, /E, is in the range of 40% to 50%, and
only in the case of iodine is the mismatch between E .,
and E ¢, less important [3].
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In the adopted picture so far, the MEDI interaction is
governed by the competition between the electron remo-
val and the dissociation of the molecular transient ions.
In order to account for the observed kinetic-energy de-
fect, the molecular ions AB"* are assumed to be formed
on Coulombic states at increasing internuclear distances
for increasing charge n [4,5]. Moreover, if the laser field
is still present after dissociation, the fragments are fur-
ther ionized before they leave the interaction zone. Pro-
vided that this so-called post-dissociation ionization
(PDI) of the fragments is total, the energy defect is also
due to an experimental artifact, which leads to a compar-
ison of the energy release measured for the (p,q —1)
channel:

AB(‘”+q_”+—>Ap++B(q—”++Eexpt(p,q'—l)
B(q—‘l)+_)Bq+ ,

with the Coulomb value expected for the (p,q) channel:
ABP*9%  4P* + BT +E, (p,q) . 2

The two processes obviously yield the same fragments
AP and B?7, but different kinetic-energy releases.

In the above classic picture, Coulomb energies can
only be reached in the interaction of extremely short
pulses with heavy molecules, which leads to freezing of
the internuclear distance and to suppression of PDI,
since dissociation occurs in field-free conditions [6].
However, the classic picture fails to account for two ex-
perimental observations: (i) the independence of kinetic-
energy releases versus the laser pulse duration [7], and (ii)
the nature of the chemical bonds that influences the
characteristics of the MEDI processes [8] even in the
long-pulse regime, indicating that the molecular ions are
formed at, or close to, the equilibrium internuclear sepa-
ration R,.
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In the present paper we propose an alternative picture
of the MEDI dynamics that is consistent with all experi-
mental findings. This picture is supported by our experi-
mental data on the chlorine molecule performed with
femto- and picosecond laser pulses. The time scale of in-
teraction is then respectively comparable or much longer
than the neutral ground-state vibrational period (60 fs) of
the molecule.

II. EXPERIMENT

The experiment is performed with femtosecond laser
pulses (A7 =130 fs) at 395, 610, and 790 nm, and with pi-
cosecond pulses (A7=2 ps) at 610 nm. The femtosecond
laser source is based on a commercial Ti:sapphire (Ti:Sa)
system (Continuum) of the DRECAM laser facility
delivering pulses of 130-fs duration at 790 nm with an en-
ergy E of 2 mJ at a repetition rate of 20 Hz. The 395-nm
pulses are obtained by frequency-doubling of the Ti:Sa
fundamental radiation with a 0.5-mm-thick BBO crystal.
Typically, we obtained pulses of 130-fs duration with
E =400 uJ. The 610-nm pulses (A7=100 fs, E =350 uJ)
are generated from a white-light continuum amplified by
three neodymium-doped yttrium aluminum garnet
pumped dye cells. The picosecond synchropumped dye
laser system, delivering 2-ps pulses (E =2.5 mJ) at 610
nm at a rate of 10 Hz, has already been described in de-
tail [5]. The picosecond laser beam is focused with an
f =50 mm parabolospheric lens yielding a maximum
peak intensity of 5X10'° W/cm?, whereas the fem-
tosecond lasers are focused with an f =60 mm achromat-
ic lens to avoid lengthening of the femtosecond pulses [9]
(peak intensity <2X10'® W/cm? at 790 nm and
~5X10'> W/cm? at both 395 and 610 nm).

The time-of-flight (TOF) mass-spectrometer [5], with a
double acceleration chamber and a 20-cm-long drift tube,
offers both good energy resolution and high collection
efficiency. The acceleration fields in the two chambers
(100 and 400 V/cm) are determined by computer simula-
tions to ensure linear dependence of the ion TOF’s on the
ion initial axial velocities. The ion current is detected
with an electron multiplier (Philips XP 1600) through an
adjustable aperture and is digitalized by a numerical os-
cilloscope (Lecroy 9350) with a sampling rate of 1 GHz.
All spectra presented are obtained as an average over
1000 laser shots.

The ion energy measurement is based on the forward-
backward splitting of the laser-aligned ionic fragments
when the laser polarization is set parallel to the spec-
trometer axis [10,11]. The accuracy of the energy mea-
surements is significantly improved by reducing the aper-
ture in front of the detector down to 3 mm in order to
discriminate off-axis ions. To keep away from space-
charge effects, the ion spectra are always recorded at
various pressures to make sure that the ion splittings are
independent of the gas density. The absolute error of our
energy measurements is estimated to be better than 5%
for the main peaks, and better than 10% for the weakest
peaks. The assignments of the fragmentation channels
are confirmed using the covariance mapping technique
[12]. For these measurements, demanding high ion col-
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lection efficiency, the detector aperture is set widely open
(@=10 mm). For practical reasons, i.e., reducing the
number of data points to limit the computer calculation
time, the sampling rate is reduced to 100 MHz (Lecroy
9400) in these experiments.

III. EXPERIMENTAL RESULTS

Figure 1 shows a typical TOF mass-spectrum obtained
from the interaction of Cl, with 130-fs Ti:Sa laser pulses
at 790 nm and for a laser intensity of 2X 10'® W/cm?.
The laser polarization vector is set parallel (a) or perpen-
dicular (b) to the ion detection axis. The spectrum is
dominated by the three Cl,™ molecular-ion peaks, shown
in the inset, corresponding to the different isotopic com-
binations *Cl,, 3CI¥’Cl, and *'Cl, (m =70, 72, and 74,
respectively) with the expected abundance ratio 9:6:1.
Each 3°Cl9 " peak is accompanied by a three times small-
er isotope peak ’Cl?* [Fig. 1(a)]. Obviously, the chosen
electric field (100 V/cm) in the interaction zone avoids an
overlap of the isotopic peaks for g =2, since the forward
3C19% peak appears in between the forward and back-
ward °Cl9" peaks, whereas the backward *’Cl?" peak
comes last. The most prominent ion peaks around the
expected Cl'-peak positions in the mass-spectrum
(TOF=5.7 us) obtained for | polarization [Fig. 1(a)]
clearly persist for | polarization [Fig. 1(b)]. This
behavior is characteristic of ion peaks with zero kinetic
energy. Indeed, the four peaks correspond to the three
ClL,>" ion peaks with m /g =35, 36, 37 and two weak su-
perimposed HC1™ peaks at m /g =36 and 38.

The existence of metastable states of CL,>" is not
surprising, since electron bombardment experiments have
previously shown lifetimes of several tens of us [13].
These states have been assigned to the 1'A, and 1'3;
singlet states of C1,2", lying 33 eV above the Cl, ground
state [14]. The population of these states is highly
favored by Franck-Condon transitions since they have
about the same equilibrium internuclear distance as the
X '3 neutral ground state. Nevertheless, the 1'A, and
1 125 states become repulsive at large internuclear sepa-
rations and dissociate into C1*(*P,)+CI* (°P, ).

The existence of the two chlorine isotopes permits us
to distinguish between Cl* ions with zero kinetic energy
and CL,2" ions due to the presence of the m /g =36 ion
peak. Note that this is generally impossible in the case of
homonuclear molecules. The only ClI* peaks observable
in Fig. 1(a) are the two forward **C1* peaks and the cor-
responding backward peaks of ’Cl™.

A. Kinetic-energy releases in the femtosecond regime

A detailed analysis of the Cl* ions is performed by
subtracting the mass spectrum recorded in 1 polarization
from that obtained in || polarization to suppress ions with
zero Kinetic energy. The resulting difference spectrum
[Fig. 2(a)] is still quite complicated, but a careful analysis
reveals that four different Cl* energies, ie., 16 clt
peaks, must be involved (with some residual contribu-
tions of the four molecular-ion peaks). Figure 2(b) shows
all these peaks which contribute to the simulated spec-
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trum. Note that the simulated spectrum, obtained as the
superposition of all these ion peaks, underlies the follow-
ing constraints: (1) forward-backward peak symmetry,
(2) full width of 30 ns at half maximum for all peaks, and
(3) respect of the 3C1*:3Cl1* abundance ratio. In Fig.
2(a), the resulting sum spectrum is compared to the ex-
perimental spectrum. From this analysis, we can assign
two low-energetic Cl* decay paths involving neutral
atoms (0.3 and 0.8 eV, respectively), and two classes of
C1* fragments from Coulomb explosion with an energy
of 2.5 and 5.3 eV, respectively.

The energetic analysis of the multiply charged frag-
ments [Figs. 3(a)-3(c)] is much more straightforward,
since all ion signals are suppressed in | polarization [Fig.
1(b)], proving that they all correspond to fast atomic frag-
ments. For the sake of clarity, all the ¥Cl9* peaks are
plotted in dashed lines, whereas the prevailing **Cl9*
peaks appear in solid lines. The ion peaks are rather
sharp, which makes the energy measurements quite accu-
rate, and the ion series due to the 3'Cl isotope provides a
control measurement of the ion energies. Generally, each
Cl?* (g >2) peak is composed of three subpeaks that can
be easily assigned. For a given ClY" the subpeak of
lowest energy corresponds to the (g —1,q) fragmentation
channel, the middle subpeak to the (g,q) channel, and the
subpeak of highest energy to the (g,qg +1) channel. In-
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terestingly, in addition to these main decay paths of
chlorine, which are all charge-symmetric (i.e., the two
fragment charges differ by one charge at most), a very
weak asymmetric channel (2,4) is also observed. Indeed,
Fig. 4, which shows an enlarged view of the CI** [Fig.
4(a)] and CI** [Fig. 4(b)] spectra on the same energy
scale, strongly suggests a correlation of these two ion
fragments, both having an energy of 20.5 eV. Moreover,
the 33CI>* and **CI** peak surfaces at 20.5 eV are equal
(after correction for the ion-detector response), which
further confirms the existence of the (2,4) channel. Nev-
ertheless, on the basis of the ion-peak surface measure-
ments, it must be stressed that the (2,4) channel is about
15 times weaker than the symmetric (3,3) decay channel
of CL,* (for I=2X10'¢ W/cm?).

Table I shows the identified fragmentation channels for
molecular ions up to CL3* and the measured respective
kinetic-energy releases E.,, obtained at 790 nm. The as-
signment of these main chlorine fragmentation pathways
is confirmed using the covariance mapping technique.
Note, however, that covariance mapping does not allow
detection of very weak decay paths, since the covariance
signals depend on the product of the two correlated ion
signals. For example, the covariance signal associated
with the (2,4) channel is roughly 200 times weaker than
that of the (3,3) channel.
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The energy releases E,,, of the different decay chan-
nels are compared to the Coulomb energies E, for the
ground-state internuclear distance R,=2.0 A (Table I).
Most interestingly, a high and almost constant energy ra-
tio E./Ec, of 70% is found for all fragmentation
channels. The constant energy ratio E,,, /E, observed
in our experiment suggests that the Coulomb repulsion
between the ions is the main physical process governing
the molecular explosion. However, in order to reproduce
the E, values, one has to assume either that the
multiphoton-ionization steps occur along a vertical path
at the internuclear distance of 1.4XR,, or that the
Coulomb potential affecting each ion corresponds to an
effective charge g4 of the correlated ion, which is given
by 0.84 Xgq.

B. Influence of the laser wavelength

The MEDI of Cl, has been investigated at three laser
wavelengths, namely 395, 610, and 790 nm, with pulse
durations of 130, 100, and 130 fs, respectively. Figure 5
shows a comparison of the whole TOF spectra, while Fig.
6 focuses on the more highly charged fragments. In all
spectra, the laser polarization vector is set parallel to the
ion detection axis, and the laser intensity is of the order
of 101 W/cm? More precisely, the laser intensity is
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close to 2X 10" W/cm? at 790 and 395 nm, but it ap-
proaches 5X 10'> W/cm? at 610 nm. There is obviously a
strong influence of the laser wavelength on the popula-
tion of the metastable doubly charged molecular ions.
Indeed, at 790 and 610 nm, these metastable ions are
widely prominent [Figs. 5(a) and 5(b)]. In the spectrum
at 395 nm; however, the low-energy Cl fragments
(E =0.33 eV) are largely dominant with characteristic
forward-backward peaks around 5.75 us. These frag-
ments, assigned to a (1,0) decay path involving a neutral
partner (Sec. III A) are also present at 790 nm (Fig. 2) but
are much weaker. When comparing the spectra in Fig. 6
it is obvious that the slow Cl* fragments do not influence
the production of the more highly charged ions. Whatev-
er the laser wavelength, we observe the same kinetic ener-
gies for the fragments corresponding to the same (p,q)
fragmentation channel, and even the branching ratios of
the different decay paths are roughly the same. For fem-
tosecond pulses, we can conclude that the kinetic-energy
releases represent 70% of the Coulomb energies, without
significant effect of the laser wavelength, except for the
population of the Cl,>* metastable ions.

C. Influence of the laser pulse duration

The time scale of our experiment (A7= 100 fs) is too
long to essentially freeze the molecular motions of Cl,

FIG. 2. Part of the TOF mass spectrum
(same conditions as in Fig. 1) obtained from
the MEDI of Cl, showing (a) the Cl difference

spectrum, obtained from the subtraction of the
parallel and the perpendicular spectrum [Figs.
1(a) and 1(b), respectively], and (b) the four
simulated forward-backward **Cl* (1,2,3,4)
and *’Cl* (1,2',3,4') ion peaks, as well as
four residual molecular ion peaks (see text).
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during interaction, since its neutral ground-state vibra-
tional period is about 60 fs. The kinetic-energy defect ob-
served could then arise from an increase of the internu-
clear distance of the molecular ions, which starts to disso-
ciate during the laser pulse. In order to check this hy-
pothesis, the interaction dynamics should be investigated
with pulses quite a bit shorter or longer than 100 fs.
Since very short laser pulses in the range of 20—-30 fs are
not easily available at a high energy level, we have chosen
to perform the MEDI of Cl, with 2-ps pulses at 610 nm.
Although the laser pulses are not perfectly bandwidth
limited, the presence of a Lyot filter in the oscillator cavi-
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FIG. 3. Parts of the TOF mass spectrum obtained from the
MEDI of Cl, (same conditions as in Fig. 1) showing the (a) CI**,
(b) CI**, and (c) CI** fragment ions on the same absolute energy
scale in eV. The laser polarization is set parallel to the detec-
tion axis. The labels (p,q); and (p,q), indicate the respective
forward and backward ion peak assigned to the (p,q) channel.
The *’Ce®* ion signals are plotted in dashed line.
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FIG. 4. Part of the TOF mass spectra of Cl, showing the (a)
CI>* and (b) CI** fragment ions coming from the MEDI of Cl,
(same conditions as in Fig. 1). The two spectra are presented on
the same energy scale. The CI2* signals are enlarged to focalize
on those ions which are correlated to Cl** fragments with an
energy of 20.5 eV i.e., the fragments of the (2,4) channel.

ty reduces the bandwidth to about 0.4 nm, which avoids
any fluctuation of the laser pulse faster than 1 ps.

Figure 7 shows a comparison of the Cl, TOF mass
spectra in the region of the CI>*, CI**, and CI** peaks,
obtained with 130-fs pulses at 790 nm [Fig. 7(a)] and 2-ps
pulses at 610 nm [Fig. 7(b)], for equal intensities
I=10""/W/cm?. As a matter of fact, the two spectra are

TABLE 1. Measured kinetic-energy releases E.,, from the
MEDI of Cl, with 130-fs pulses at 790 nm, for a laser intensity
of 2X10'* W/cm?. Channel (p,q) refers to the fragmentation
channel CIf*9* -CIP*+Cl". The Coulomb energies Ec,
are calculated for an internuclear distance of R, =2 A. The ra-
tio E ., /E o, is also given.

Channel E Eg E p/Ecy
(p,q) (eV) (eV) (%)
(1,1) 5.0+0.5 7.2 69
(1,2) 10.7+0.8 14.4 74
2,2) 20.1+1.0 28.8 70
2,3) 30.2+1.5 43.2 70
(2,4) 41.0+5.0 57.6 71
(3,3) 44.34+3.0 64.8 68
(3,4) 60.5+5.0 86.4 70
4,4) 78.2+8.0 115.2 68
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almost identical. As a consequence, the kinetic-energy
releases and the branching ratios are clearly independent
of the laser pulse duration, since the laser pulse durations
in Figs. 7(a) and 7(b) differ by a factor of 15.

D. The role of postdissociation ionization (PDI)

The final point concerns the problem of whether PDI
falsifies the present assignments of the fragmentation
channels, thus explaining why we do not detect the
Coulomb energies E, but 0.7E,. Actually, if PDI
occurs, it cannot change the fragment energies since the
electron (being much lighter than the ion) takes away the
excess photon energy. In Fig. 8, however, post-ionized
fragments are not observed. Despite the abundance of
0.3 eV Cl1™ ions at 395 nm, we do not detect any CI** or
CI** ions with the same energy. This observation implies
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FIG. 5. TOF mass spectra of Cl, obtained for three different
laser wavelengths: (a) 790 nm, (b) 610 nm, (c) 395 nm. The laser
pulse duration is 130, 100, and 130 fs, respectively, and the laser
intensity is always in the range of 10" W/cm? (see text). The
laser polarization is set parallel to the detection axis. A peak as-
signment is given in the figure. The arrow points at the position
of the zero-energy ions with m /g =35 (TOF =5.75 us).
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that the Cl," —Cl* +C1+40.6 eV decay path is relatively
slow and must occur after extinction of the laser pulse.
For all wavelengths, we observe a strong signal of CI**
fragments with an energy of S eV coming from the (1,2)
channel, but there is no trace of CI3" ions with the same
energy (see, for example, Fig. 3). This observation again
suggests that the molecular dissociation occurs after ex-
tinction of the laser pulse.

A second possibility to check whether PDI occurs is to
compare the energy E.,,(p,q) released by channel (p,q)
to the Coulomb energies expected for (p—1,q),
(p —1,qg —1), or of even lower channels. This compara-
tive test, however, is only significant for the low (p,q)
channels, since, for the higher channels, the absolute er-
ror bar on the value of E,,, becomes too important. For
example, the presently measured kinetic-energy releases
for the (1,2) and (2,2) channels (Table I) do not fit by far
the Coulomb energies of their respective lower channels.
We can conclude that PDI of the fragments does not
occur in our experiment, even with 2-ps pulses. There-
fore, PDI cannot be invoked to explain the origin of the
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FIG. 6. Enlargement of Fig. 5, showing CI**, CI**, and CI**
fragment ions obtained for three different laser wavelengths: (a)
790 nm, (b) 610 nm, (c) 395 nm (same conditions as in Fig. 5).
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non-Coulomb energies in the MEDI of the chlorine mole-
cule.

IV. DISCUSSION

A. The MEDI dynamics of chlorine

In the classic picture of MEDI dynamics (cf. Introduc-
tion), the ionization of the molecule is supposed to follow
a sequential scheme, in which the electrons are succes-
sively stripped off in the leading edge of the pulse. This
implies for long-pulse experiments that (i) the internu-
clear distance successively increases due to the electro-
static repulsion force, (ii) the energy ratio E,, /E, step-
wise decreases with increasing charge p +¢, and (iii) after
dissociation the fragments will be post-ionized by the
laser. Our observations, however, cannot be explained in
the frame of this classic picture: (i) the unusual high-
kinetic-energy releases, which are =70% of E, in all
channels, even with pulse durations 30 times longer than
the vibrational period of the molecule, and (ii) the ab-
sence of PDI with pulse durations of 2 ps.

cit
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FIG. 7. Comparison of the TOF mass spectra obtained from
the MEDI of Cl, with (a) 130-fs pulsés at 790 nm, and (b) 2-ps
pulses at 610 nm with the same laser intensities of 10'> W/cm?.

In both spectra the laser polarization is set parallel to the detec-
tion axis.
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Therefore, we are led to speculate that the molecular
dissociation occurs at the end of the laser pulse. This is
only possible if the molecule is somehow trapped by the
laser field via the electronic interactions which compen-
sate for the internuclear electrostatic repulsion. Codling
and Frasinsky [2] have recently pointed out that even a
single electron, constrained to lie midway between two
positive ions, can overcome the repulsion of a seven-
times-ionized molecule. In the model we propose, the
valence electrons, which are strongly coupled to the laser
field, are not ejected but remain bound in light-induced
states of the molecule. Recently, Bandrauk, Aubanel,
and Gauthier [15] and Dietrich et al. [16] have postulat-
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FIG. 8. Parts of the TOF mass spectrum obtained from the
MEDI of Cl, with 130-fs pulses at 395 nm (I =2 X 10'> W/cm?)
showing the (a) C1*, (b) CI>*, and (c) CI’* fragment ions on the
same absolute energy scale in eV. The laser polarization is set
parallel to the detection axis. The labels (p,q); and (p,q), indi-
cate the respective forward and backward ion peak assigned to
the (p,q) channel.
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ed that such field-induced nonlinear effects in molecules
arise from transitions between charge-transfer or charge-
resonance states (for even or odd charged molecules, re-
spectively), which were first introduced by Mulliken [17].
The authors point out that the transition moments be-
tween these states are very large and therefore dominate
nonresonant interactions in intense laser fields. The cou-
pling of these molecular states involves electronic motion
at the internuclear scale. From the observation that the
ion fragments are ejected along the laser electric field, we
believe that the large dipole moments of such laser-
trapped molecules are also at the origin of the laser-
induced molecular alignment. The electrons should then
oscillate along the axis of the laser-trapped molecular
species, that is, along the laser electric field.

The concept of light-induced bound states was first in-
troduced by Fedorov et al. [18], Yuan and George [19],
and Bandrauk and Sink [20] in the framework of time-
independent calculations at specific intensities. Recently,
population trapping in molecular dressed states has been
predicted [21,22] and observed [23] in the case of H, ",
where the radiative coupling between the ground state
(1so,) and the first repulsive state (2po, ) induces a new
adiabatic potential well for laser intensities around 10'*
W/cm?. In these cases, trapping is only achieved in a
small intensity range. If the intensity is too low, the adia-
batic curve will not support the trapped population. If
the intensity is too strong, the trapped population will es-
cape. In contrast, the trapping mechanism observed for
chlorine appears quite robust against the laser intensity.
Moreover, trapping of the population is very efficient,
even on the picosecond time scale, since no post-ionized
fragments have been observed.

B. Comparison with the MEDI processes of other molecules

The MEDI picture we propose for Cl, appears also to
be consistent with the results obtained for other mole-
cules: (i) the molecular stabilization also holds for the dia-
tomics such as H, [24,26], CO, O,, and N, [7], and for
bigger molecules like CO, [25] and C,H, [8], since, for
these systems, the energy ratio E,, E, has been found
to be almost constant for all fragmentation channels; (ii)
th= energy releases have been shown to be robust against
the laser pulse duration.

Table II recapitulates the energy ratio E, /Ec, as
well as the internuclear distance R, for all these mole-
cules (R, is used to calculate E,). The diatomics with
an equilibrium internuclear distance close to 1.1 A
release about 45% of the Coulomb energies. The CO,,
C,H,, or C,H, molecules for which the C—O or C—C
bond distances are close to 1.2 A release about 50% of
the Coulomb energies [8,25]. For Cl, (R,=2.0 A) we
find E../Ec, =70%, and experiments on iodine [3]
(R,=2.67 A) indicate a slightly higher energy ratio of
75%.

The compilation in Table II shows the tendency that (i)
the agreement of the experimental kinetic-energy releases
with the predictions of the point-charge model improves
for more elongated molecules and (ii) the molecular mass
does not appear to have a strong influence on the
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TABLE II. Compilation of the experimentally deduced ener-
gy ratios E.,, /Ec, (%), representing the mean value of all frag-
mentation channels, from MEDI of different molecules. The in-
ternuclear separation R, (A), which yields the F, value, is tak-
en as that of the neutral ground-state molecule (or that of the
singly charged molecular ion when the two distances are
different). This choice is valid, since all MEDI experiments
have concluded that the first step of the interaction is the forma-
tion of the singly charged molecular ion. The coefficient a, re-
lating R, and the effective internuclear distance Ry at which
Coulomb explosion is believed to occur (see text), is also given.

Re Eexpt /ECb

Molecule (A) (%) a=VR,/Equ/Ec,)  Ref.

H, 1.1 40° 2.6° [26]
CO 1.1 43 2.4 7]

N, 1.1 47 22 [7]

0, 1.1 42 2.5 [7]
CH, 12° 50° 2.2° [8]
Cco, 1.2 50 2.2 [25]

Cl, 2.0 70 2.0 This work

I, 2.7 75 2.2 [3]

aValues obtained for the H* peak with an energy of 2.65 eV.
®The indicated value concerns the C—C bond.

Coulomb explosion dynamics, since H, (m =2) and N,
(m =28) behave similarly, as do Cl, (m =70) and I,
(m =254).

It is interesting to note that the experimental energies,
obtained for the molecules in Table II, all seem to result
from a Coulomb explosion occurring at the effective in-
ternuclear distance R.z=a1/R,. The proportionality
factor a, given in Table II, is found to be independent of
the molecule (¢ =2.3). In conclusion, it turns out that
the kinetic-energy releases observed do not significantly
depend on the experimental conditions, such as laser
pulse duration, wavelength, or intensity, but are mainly
determined by the molecule itself, i.e., the effective inter-
nuclear distance at which stabilization occurs.

V. CONCLUSION

We have investigated the MEDI of Cl, under various
experimental conditions and come to the following con-
clusions: (1) The kinetic-energy releases are about 70% of
the Coulomb energies and do not significantly depend on
the experimental conditions, such as laser pulse duration
(100 fs <At <2 ps), wavelength (395 <A <790 nm), or in-
tensity (10" <I1<2X10'® W/cm?). This result stands
for all observed fragmentation channels up to
CL —CI** +C1**, which demonstrates that Coulomb
repulsion is actually the prevailing process governing the
MEDI interaction. (2) The postdissociation ionization of
the fragments is not observed even with 2-ps pulses. (3)
There is a clear tendency for MEDI of quite elongated
molecules, such as Cl, or I,, to result in kinetic-energy
releases approaching the Coulomb energies. (4) All the
main (p,q) fragmentation channels observed are charge-
symmetric (|p —g| <2). The only asymmetric channel
observed is the (2,4) channel of C126+, which is about 15
times weaker than the corresponding (3,3) channel.



30 LASER-INDUCED TRAPPING OF CHLORINE MOLECULES...

Finally, we speculate that an efficient field-induced sta-
bilization of chlorine occurs, where the molecule is
trapped by the laser field via the electronic interaction,
which compensates for the internuclear electrostatic
repulsion. According to recent theoretical work, we be-
lieve that this population trapping is due to strong
charge-transfer or charge-resonance coupling in the pres-
ence of the intense laser field. Therefore, it appears that
kinetic-energy releases do not depend on the experimen-
tal conditions, but are mainly determined by the molecule
itself, i.e., the effective internuclear distance at which sta-
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bilization occurs. This hypothesis of laser-induced trap-
ping calls for further experimental and theoretical
confirmations.
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