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Multielectron dissociative ionization of diatomic molecules in an intense femtosecond laser field
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The multielectron dissociative ionization of diatomic molecules is investigated using an intense laser
field at a wavelength of 615 nm, in the 10"%/cm intensity range, with a .100-fs pulse duration. Com-
parison with previous experiments performed with 2-ps and 600-fs pulse durations shows that the,
atomic-ion kinetic-energy releases depend neither on the laser-pulse duration nor on the peak laser inten-
sity. The simple model of Coulomb repulsion between atomic ions is therefore insuScient to account for
the dynamics of the multiple-ionization mechanism. Comparison between Nz, CO, and 02 experiments
indicates that the channel AB +~A++8+ remains molecule specific. Conversely, the channels in-

volving molecular ions carrying higher charges ( AB'~+ '+ ~ A ++8 +
) exhibit similar dissociation

energies for N~, CO, and 0,.
PACS number{s): 33.80.Rv, 33.80.Eh

I. INTRODUCTION

The molecular response to an intense radiation field is
a subject of growing interest. For diatomic molecules,
the multielectronic dissociative ionization has recently at-
tracted a lot of attention [1—14]: the interaction can lead
to the formation of transient multicharged molecular ions
that dissociate into energetic fragments. The measure-
ment and analysis of the fragment kinetic energies pro-
vide a powerful method to investigate the excitation
pathways of the molecules [1]. In principle, the
multiphoton-ionization steps can occur along the so-
called "vertical" or "nonvertical" paths. For the first
one, the ionization sequence occurs at the equilibrium in-
ternuclear distance of the neutral molecule, as established
for Nz at 248 nm [3] and 305 nm [4] and for CO at 305
nm [10]. For the second one, the sequence progresses at
increasing internuclear distances, that is during the disso-
ciation of the transient molecular ion, as found for N2
(Refs. [1], [2], and [4]), HI (Ref. [5]), CO (Refs. [7]—[10])
around 600 nm and for 02 at 305 and 610 nm [11]. The
vertical or nonvertical character of the molecular excita-
tion was interpreted to be governed by the lifetime ~ of
the doubly charged states [12]. When r is much larger
than the pulse duration, the process is vertical. On the
contrary, when the time scale of the dissociation is much
shorter than the pulse duration, the multiple-ionization
process is nonvertical.

Previous experiments have established that the frag-
ment energies are, to a large extent, independent of the
laser intensity, in the range of 10' —5 X 10' W/cm . In a
classical Coulomb repulsion model, this implies that the
multiphoton ionization of the dissociating molecular ions
occurs at fixed internuclear distances whatever the peak
laser intensity [4,10,11]. A possible interpretation can be

based on the fact that a particular ionization such as

aa q++I, Wa'q+"+e—

(where 1. represents a laser) appears when the necessary
threshold laser intensity is available in the laser-pulse
duration envelope. In this picture, the atomic ions, aris-
ing from the dissociation of the molecular ion [ AB't+],
separate during the pulse rise time until this threshold
value is reached. Then, the internuclear distances at
which the successive ionizations occur depend on the
time duration necessary to connect the threshold laser in-
tensities. Therefore, in this simple interpretation, the
temporal dynamics of the dissociation is expected to be
governed by the rise time of the laser pulse. The experi-
ments, so far, have been limited to picosecond or slightly
subpicosecond pulses. The recent development of lasers
delivering ultrashort (100 fs) intense (10' W/cm ) pulses
has significantly enlarged the fields of investigation. The
aim of this work was to explore the dynamics of the non-
vertical process for very short pulse duration.

In order to test the predictions of the simple Coulomb
repulsion model, we have performed a series of experi-
ments with a 100-fs pulse duration laser at 615 nm with
intensities up to 3X10' W/cm . This pulse duration
corresponds to the classical time scale for Coulomb
repulsion which is in the range of several tens of fem-
toseconds for internuclear motion over a few angstroms.
In this case, both the excitation source rise time and the
target "classical" response have similar time scales. The
diatomic molecules under investigation are N2, CO, and
02 for which there are comparable measurements at 600
and 610 nm but with different laser-pulse durations, re-
spectively, 600 fs [1,2,7—9] and 2 ps [4,10,11].

The paper is organized as follows. Section II gives a
brief description of the experimental apparatus. Section
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III describes the identification methods of the fragmenta-
tion channels and presents the experimental findings.
The discussion of the experimental results is organized in
three subsections. In Sec. IV A, we investigate in detail
the excitation pattern of Nz and we compare the ion
kinetic-energy releases obtained in the present experi-
ment with previous measurements performed at the same
intensity level but with longer pulse duration. In Sec.
IVB, we discuss the laser intensity effects on the energy
of the fragments and on the branching ratios to different
dissociative channels. Finally, in Sec. IVC we compare
the molecular responses of Nz, CO, and Oz.
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II. EXPERIMENTAL SETUP

The laser is an upgraded version of the standard sys-
tem described elsewhere [15]. Briefly, the O. l-nJ, 50-fs
laser pulses delivered by a colliding-pulse mode-locker os-
cillator are amplified up to 2 mJ in a five-stage dye
amplifier (Bethune cells) pumped by a single-mode Nd-
YAG (where YAG represents yttrium aluminum garnet)
laser operating at 20 Hz. Due to group velocity disper-
sion in the amplifiers, the pulses are broadened to 150 fs
and subsequently recompressed by a double pass two-
prism device to 80 fs [full width at half maximum
(FWHM)]. With a 70-mm achromat lens, this beam can
be focused to 10 pm resulting in peak intensities in ex-
cess of 10' W/cm . In the present experiment, using a
150-mm lens, the beam can be focused down to a spot of
200 pm . Owing to the difference between the phase and
group velocities, the pulse front is delayed with respect to
the phase front [16] resulting in an effective pulse dura-
tion of 100 fs. These characteristics lead to peak intensi-
ties of 3X10' W/cm .

The experimental setup to measure the kinetic energies
of the atomic ions is the same that we used previously in
the picosecond experiments [4]. The detection system
consists of a double chamber time-of-flight (TOF) ion
mass spectrometer pumped at a background pressure of
10 Torr [17]. The application of a weak extraction
electric field in the interaction chamber makes it possible
to determine the fragment kinetic energies with a good
accuracy (10%) whereas the second chamber strongly ac-
celerates the ions to ensure a good collection eKciency.
Finally, the ions are mass separated through an 18-cm-
long drift tube and give a signal which feeds a Lecroy
model 9400 Transient Digitizer with a 100-MHz sam-
pling frequency.

III. EXPERIMENTAL RESULTS

A typical TOF spectrum obtained from the multielect-
ronic dissociative ionization of Nz is presented in Fig. 1

(wavelength 615 nm; pulse duration 100 fs; laser intensity
2.5X10' W/cm ). The TOF spectrum is dominated by
the Nz+ molecular-ion species with a comparatively low
N~

+ molecular-ion signal. In the 10' W/cm range, we
have verified that the Nz ion yield is saturated as a func-
tion of the laser intensity. This saturation means that in
the central part of the laser spot the molecules are excited
to higher charged states via the Nz+ states, whereas the
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FIG. 1. TOF ion mass spectrum of N~ recorded with 100-fs
pulse duration, 615-nm wavelength, and 2.5X 10" W/cm laser
intensity. The extraction field in the interaction chamber is 60
V/cm and the N~ pressure is 3.5X10 Torr. The top left win-
dow shows the N+, Nz +, N +, N'+ TOF ion mass spectrum
recorded with N2 pressure of 1.2X10 ' Torr.

detected Nz+ ions come from the outer part of the spot
where the laser intensity is lower. Each atomic-ion
species is characterized by a double peak structure, when
the laser polarization lies along the detection axis. The
faster component represents ions initially ejected toward
the detector ("toward component") while the slower com-
ponent comes from ions initially released in the opposite
direction and whose momenta have been reversed by the
extraction electric field ("away component"). The ion ki-
netic energies are determined from the difference of time
of Right between the "away" and "toward" components.
In order to improve the statistics of our measurements,
the kinetic energies are measured for several extraction
fields ranging from 30 to 70 V/cm, and then averaged
over the whole set of data. The error bar is found to be
+10% of the final result. The atomic-ion kinetic-energy
releases are summarized in Tables I, II, and III for, re-
spectively, Nz, CO, and Oz and compared with previous
results obtained at 2 ps [4,10,11] and 600 fs [1,2,7—9].
The last two columns of each table correspond to the dis-
sociative channels associated with the measured kinetic
energies. A particular channel can appear two times in
the tables if it is composed of two different atomic frag-
ments.

The identification of each channel composed of two re-
pelling atomic ions is based on (i) the conservation of
momentum and energy of the parent molecular ion, (ii)
the same abundance of the associated atomic ions, and
(iii) the same laser intensity dependence for both ions.
Concerning criterion (ii), the relative abundances of
different charge state ions have to be corrected for the
gain of the electron multiplier. The secondary emission
factors of a CuBe dynode have been measured for imp-
inging noble gas ions with accelerating voltages ranging
from 3 to 10 kV [18]. According to these data, the elec-
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Thereby, the energetic ion fragments are lost; we only
detect the low-energy atomic ions C+ and thermal molec-
ular ions (CO and parasitic H20+ ions). The observed
angular distributions are in agreement with previous ex-
periments performed with 600-fs and 2-ps laser-pulse
duration [9,10]. In the field ionization model [2], a dia-
tomic molecule is more easily ionized when its axis lies
along the laser E field because of its elongated shape. For
(sub)picosecond laser pulses, there is no time for molecu-
lar rotation during the pulse duration and the resulting
atomic ions are ejected along the laser electric field.

IV. DISCUSSION

TIME OF FLIGHT (ps)

FIG. 2. TOF ion mass spectra of CO with the laser polariza-
tion (a) parallel to the drift tube axis and (b) perpendicular to
the drift tube axis. The scale for the ion signals is the same for
both spectra.

tron multiplier gain is found to be almost proportional to
Z/M' where Z and M represent, respectively, the
charge state and the mass of the impinging ion. Our re-
sults based on criteria (i), (ii), and (iii) are found to be in
good agreement with those obtained by Frasinski and
co-workers using covariance mapping techniques [2,8].

The angular distribution of atomic ions relative to the
laser polarization is found to be strongly peaked along
the E vector of the laser field. As an illustration, we
show in Fig. 2 the TOF ion mass spectra of CO recorded
for two orthogonal polarizations of the laser field. In Fig.
2(a), the E field is parallel to the drift tube axis (this is the
usual situation for measuring the ion energies). In Fig.
2(b), the laser polarization is set at a right angle: the
fragments are then ejected to 90' from the detection axis
and cannot enter the second acceleration chamber
through the 10-mm aperture of our TOF spectrometer.

A. Fragmentation channels observed at 100 fs:
Comparison with 2-ps and 600-fs experiments

The fragmentation channels observed at 100 fs are
essentially the same as those deduced from our previous
experiments at 2 ps [4,10,11]. However, we made some
reassignments in the fragmentation channels involving
triple charged ions. Indeed, the assignment of these
channels is difficult because atomic A + ion signals are
weak and because of the different electron multiplier
responses to diA'erent ion charge states. For instance, the
channel AB +~ A ++B+ will yield a weak A + signal
and a 3 times smaller B+ signal which will surimpose to
the strong B signal coming from AB +~A +B+.

For instance, the 9.5-eV N signal (Fig. 1) was previ-
ously assumed to arise from the subsequent ionization of
atomic N + ions. With 100-fs pulses, the subsequent ion-
ization of fragments becomes very unlikely. Therefore
we assume that the 9.5-eV N + are issued from the chan-
nel N ~N ++N+ (there is indeed some signal at 10
eV in the wings of the N+ peak). Moreover, the 16-eV
N + ions were previously identified as coming from the
N ++N + channel [1,4]. In fact, the covariance map-
ping technique established that these ions were due to
Nz

+~N + +N + (Ref. [2]). The N + ion assignments
are summarized in Table I according to these more recent
data.

We proceed in the same way for CO and 02 with, re-
spectively„C +,0 + and O + atomic ions. In Table II,
the 10-eV C + ion is assigned to the C ++0+ fragmen-

TABLE I. Measured atomic-ion kinetic energies following the multielectron dissociative ionization
of N2 for dift'erent laser-pulse durations. The last column is devoted to the identification of the dissocia-
tive channels (see text).

Atomic
ion

2 ps
Ref. [10j

Ion kinetic-energy release (eV)
600 fs 100 fs

Ref. [8] This work
Fragmentation

channel
Channel
number

N+ 3.5
5.8

3.4
6.3

N++N+
N++N +

N2+ 6.2
10

6.5
11

6.8
11

N++N'+
N2+ +N2+

N'+ 9
14

10
15

9.5
16

N++N'+
N +N+
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Nq+

2+
2

[N, '+]~N++N++6. Sev (2)

[Nz3+]~N++N ++13eV (3)

[N~ ]~N ++N ++22eV (4)

[N, '+] N'++N'++32ev

= [N~ +]—&N++N ++19eV .

tation channel in agreement with the covariance mapping
results [8]. The 17-eV C + ions and 14-eV 0 + ions are,
respectively, assigned to C ++0 + and C ++0 + chan-
nels although we cannot resolve the corresponding dou-
ble charged ion peaks. Finally, in the case of Oz, the 0 +

ions are assumed to arise from the dissociation of Oz
+

into 0 ++0+ ions.
Our results are illustrated by the following excitation

pattern for Nz.

The conventions of the above diagram are as follows.
The vertical arrows correspond to the removal of one
electron whereas the horizontal arrows denote a dissocia-
tion channel without any electronic emission. The tran-
sient molecular ions are mentioned in brackets. We
detect both Nz+ and Nz

+ molecular ions as illustrated in
Fig. 1. The Nz

+ signal is due to molecular dictations
whose lifetimes are greater than 3.5 ps. Their appearance
laser intensity indicates that they are not the parent
molecular ions generating the 3.4-eV N+ ions. In reac-
tion (2), the short-lived states of N~

+ are assumed to be
and/or b 'II„ in good agreement with synchroton

experiment [19]and electron-impact experiments [20].
The measured kinetic-energy releases can be explained

by the successive multiphoton ionizations of the dissoci-
ating transient ions at internuclear distances greater than
the Nz

+ equilibrium distance. Following the classical
Coulomb repulsion model, the kinetic energies are much
less than those expected in a vertical excitation. Since
the measured atomic-ion energy distributions are peaked
around well-defined values (Fig. 1), the ionizations occur
at fixed internuclear distances which can be deduced
from classical mechanics. The transitions N~ +~Nz +

and N~
+

N~
+ occur, respectively, at 2.2 and 3.2 A

but N~
+ ~Nz + happens at 2.9 A, which is smaller than

O

3.2 A for the preceding step. The sequence of successive
ionization steps is therefore not so straightforward as de-
duced from a simple classical Coulomb repulsion.

The most striking feature of this experiment is that the
atomic-ion kinetic-energy releases do not depend on the
laser-pulse duration. Indeed, the kinetic energy released
in a given dissociative channel (cf. Tables I—III) is found
to be the same with 2-ps, 600-fs, and 100-fs laser-pulse
durations (within the 10%%uo error bar). This observation
proves that the molecular dynamics is, to a large extent,
uncorrelated with the laser-pulse rise time as pointed out

TABLE II. Measured atomic-ion kinetic energies following the multielectron dissociative ionization
of CQ for different laser-pulse durations. The last column is devoted to the identification of the dissoci-
ative channels.

Atomic
ion

2 ps
Ref. [10]

Ion kinetic-energy release (eV)
600 fs 100 fs

Ref. [8] This work
Fragmentation

channel
Channel
number

3.3
6.5

3.8 3.7
6.4

C+ +Q+
C++Q +

Q+ 2.5
44

2.8 2.9
5.0

C++Q+
C2+ +Q+

5.4
11

6.2
12

6.5
11

C2+ +Q+
C2+ +Q2+

Q2+ 4.8
8.1

4.8
9.3

5.3
8.9

C+ +Q2+
C2+ +Q2+

C3+ 7.9 10 10
17

C3+ +Q+
C3+ +Q2+

Q3+ C2+ +Q3+



MULTIELECTRON DISSOCIATIVE IONIZATION OF. . . 4503

TABLE III. Measured atomic-ion kinetic energies following
the multielectron dissociative ionization of 0& for different
laser-pulse durations. The last column is devoted to the
identification of the dissociative channels.

a&04—
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N2+

11

N'

6.3

3.4

Atomic
ion

Ion kinetic-energy
release (eV)

2 ps 100 fs
Ref. [11] This work

Fragmentation Channel
channel number

2~104

0+

O2+

O3+

2.4

6.3
11

6.3
17

2.8
6.3

5.6
10

9.0
16

o++o+
0++0 +

Q+ +O2+
O2+ +O2+

o++o'+
p2+ +p3+
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Q
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recently by Codling, Frasinski, and Hatherly for pulse
durations in the range 0.2—2 ps [21]. In our opinion, this
shows the limits of the Coulomb explosion model: we
make the assumption that the dissociation of the molecu-
lar ions may be slowed down by some screening effects
due to the electrons. In addition, the description of the
excitation pattern would require a full quantum treat-
ment. Particularly the motion of the still correlated
atomic ions during ionization and a more detailed in-
teraction than the pure Coulomb one remains to be inves-
tigated using quantum mechanics.

0

TIME OF FLIGHT {)is}

FIG. 3. TOF ion mass spectra of N2 at 615 nm with 100-fs
pulse duration for two peak intensities: (a) 2X 10"W/cm and
(b) 10' W/cm . The N2 operating pressure is, respectively,
3.5X10 and 5X10 ' Torr. The vertical axis is the pressure
normalized ion signal.

B. Laser intensity effects

The laser intensity dependence of the multielectronic
dissociative ionization was found to provide essential in-
formation about the dynamics of the excitation pattern
and the identification of the dissociation channels follow-
ing point (iii) in Sec. III [4,10,11]. The fragmentation
channels reported in Tables I—III at 100 fs were partly
deduced from this point in association with the criteria (i)
and (ii) as we mentioned earlier. The spectra recorded at
100 fs and 615 nm for N2 at two difFerent laser intensities
2X10' and 10' W/cm are presented in Figs. 3(a) and
3(b). At high intensity, the operating pressure was re-
duced by two orders of magnitude to avoid saturation of
the detector.

The main feature appearing in Figs. 3(a) and 3(b) is
that both spectra exhibit the same ion energies for
different laser intensities. At 2 X 10' W/cm, the
N +N + channel dominates the other channels while
at 10' W/cm, the N++N+ channel is the more impor-
tant. Spectra recorded at different laser intensities show
that the N +N + channel is never the prominent one (it
always gives fewer atomic ions than the symmetric chan-
nels N +N++N +). This could be explained by the
asymmetric character of this channel: an electron be-
longing to N+, attracted by the higher electric field of
N + can move off the N+ atom to a region of the large
internuclear gap between the ions where the binding field
is lower, and thus be more easily removed.

The fact that the ion energies are independent of the
laser-pulse peak intensity could be an indication of an
intensity-tuned resonance process. In this case, since the
resonance signals stand out over the nonresonant back-
ground, the experiment selects the resonant events which
occur at those intensities which adjust the resonances,
whatever the peak intensity is. Such a situation is met in
the multiphoton ionization of atoms under strong laser
field conditions [22,23]. Different resonant processes may
occur during the same laser pulse at different spatiotem-
poral points in the interaction volume. The resulting sig-
nals are of course depending on the effective volumes
where the resonance condition is satisfied. In the present
case, resonances in the system of two repelling atomic
ions could induce multiphoton ionization at well-
determined internuclear distances and would give the
same ion kinetic energies independently of the peak laser
intensity. In the case of molecular systems, however, the
internal structure is so rich that these ac Stark tuned res-
onances would be some kind of "giant resonances" which
would dominate the excitation and explain the relatively
low number of observed fragmentation channels.

C. Comparison of N2, CO, and O2

The last investigated point is the molecular response as
a function of the molecule. In Table IV, we summarize
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TABLE IV. Total kinetic-energy releases in the fragmenta-
tion channels following the multielectron dissociative ionization
of N2, CO, and O2 in intense laser field with 100-fs pulse dura-
tion, 615-nm wavelength in the 10' W/cm range.

CO 02

5.5

3++8 +

W 2++@+ 13.1

11.7
11.7 11.9

g 2++g2+ 22 19.9 20

A 2++B3+
g 3++g2+

32.7
29.8 32

the total kinetic-energy releases and the associated frag-
mentation channels observed with 100-fs pulse laser dura-
tion for N2, CO, and O2. Since we do not observe
significant changes for different laser-pulse durations and
laser intensities, the following discussion can be applied
to the 2-ps data [4,10,11]as well.

The general trend observed in Table IV consists in the
quite similar energies measured for equivalent dissocia-
tion channels of N2, CO, and Oz. A simple explanation
can be based on the fact that these molecules are consti-
tuted of neighboring atoms in the periodic table of the
elements. Moreover N2 and CO are isoelectronic mole-
cules. The 02 molecule has the electronic structure of N2
plus two antibonding electrons. This simple statement
explains why the N +N+ and C++0+ channels exhibit
almost the same dissociation energy while the O++0+
channel appears with a somewhat lower energy.

Concerning the fragmentation channels other than
3 ++8+, the kinetic energies released in a given channel
are equal for the three molecular species (within the 10%%uo

error bar) (Table IV). This result confirms that the
multiple-ionization sequence is mainly governed by the
Coulombic repulsion of the ion fragments since it in-
volves a coupling which is not molecular specific. How-
ever, the dissociative states are certainly not pure
Coulombic states since they do not correctly account for
the dynamics of the process (cf. Scc. IV A).

V. CONCLUSION

We have investigated the multielectron dissociative
ionization of diatomic molecules by intense laser field at a
wavelength of 615 nm and, for the first time, a pulse
duration of 100 fs. Comparison with previous works
clearly shows that the atomic-ion kinetic-energy releases
do not depend on the laser-pulse duration (in the range of
100 fs —2 ps) or on the peak laser intensity (in the range of
10' —5X10' W/cm ). On the contrary, the ionization
branching ratios are found to depend strongly on the
laser intensity which is the signature of the highly non-
linear effects involved in the excitation pattern of the
molecule. The fragmentation channels leading to
charge-symmetric fragments are widely predominant.
Concerning the different molecules investigated in this
work, the channel AB + —+3++8+ remains molecule
specific but the higher charged molecular ions produced
during the interaction exhibit the same dissociation ener-
gies for N2, CO, and 02.

The physical interpretation of these results is not
straightforward. In particular, a simple model, involving
the classical Coulomb repulsion between the atomic-ion
fragments, cannot explain the well-defined measured ki-
netic energies nor the independence of these energies on
the laser-pulse rise time. However, this simple picture
can constitute a first approach of the excitation pattern of
the molecule. Recently a field ionization model was pro-
posed using the Thomas-Fermi-Dirac approximation as a
description of the molecule [14]. The predicted branch-
ing ratios into different fragmentation channels show a
preponderance of charge-symmetric fragmentation and
are in good qualitative agreement with the experiments at
600 nm. However, the calculated appearance laser inten-
sities for the different fragmentation channels are
definitively larger than those deduced from the experi-
ment. Besides, the dynamics of the molecular excitation,
namely, the laser-pulse rise time, is not taken into ac-
count in this model. We think that a full quantum treat-
ment where both the electronic and the nuclear motions
are quantized is necessary to account for the molecular
response. We trust that the extensive experimental data
now available will trigger such new theoretical develop-
ments.
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