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Multiple ionization of atomic and molecular iodine in strong laser fields
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We compare the multiple ionization of atomic and molecular iodine using 100-fs laser pulses at 610 nm over
a wide range of laser intensities X2L0'? W/cn?—3x 10'® W/cn?). We show that the elongation of the
molecular ion to a critical distance drastically enhances the multiple ionization probability of the molecule
compared to that of the atom. In particular, the yield of the ten-times-ionized molecule is higher than that of the
three-times-ionized atom around*t@v/cn?. This observation supports recent theoretical work on the role of
the electron localization in intense-field molecular ionization. Arountt M/cn?, the quintuple ionization of
atoms is observed, whereas fast fragments arising from the, ICoulomb explosion are not further ionized,
even with 300- or 500-fs laser pulses. This result supports the concept of molecule stabilization in strong laser
fields.

PACS numbds): 33.80.Rv

When molecules in the gas phase are subjected to intengnization cross sections &, . In particular, for a laser in-
(subpicosecond laser fields in excess oflW/cn?, they  tensity of 1.3x10* Wi/cn?, the ionization rate of a singly
lose several electrons and the molecular ions explode intoharged molecular ion &= R, is found to be comparable to
energetic fragmentgl,2]. This process is known as multi- that of a seven-times-ionized moleculeRat R.. Moreover,
electron dissociative ionizatiofMEDI). With a linearly po-  the calculations suggest that in the region clos®¢o ion-
larized laser, diatomic molecules get aligned along the lasedration of diatomic ions is drastically enhanced compared to
electric field e [3,4] so that the fragments are emitted in atomic ionization, since the electron can tunnel through the
sharp cones centered along theector. Despite the inherent narrow internal barrier directly to the continuum. Parallel
complexity of the processes involved, the MEDI studies havénterpretations associate enhanced ionization with the effect
provided surprisingly simple outcomes, in particular the in-of the static electric field from one nucleus acting on an
dependence of the molecular explosion on the laser paranalectron localized close to the other nucleus.
eters, i.e., the wavelength, pulse duration, and intefSity The aim of the present paper is twofold. First, we com-

The experimental investigations performed on a large vapare directly the ionization probabilities of atoms and mol-
riety of moleculed5,6] suggest that the MEDI scenario pro- ecules to test whether the multiple ionization of diatomic
ceeds in two steps(l) The neutral molecules are doubly ions at the critical distancB, is indeed much more efficient
ionized at the equilibrium internuclear separati®g which  than that of the atoms. Second, we show that the enhanced
starts up the molecular dissociatioi2) At a critical inter-  ionization probability of molecules & =R is compatible
nuclear distanceR., the double-charged molecular ions with the concept oflaser-induced molecular stabilization
are multiply ionized, which triggers the Coulomb repul- [5,7], i.e., one or more valence electrons become “superex-
sion. This critical distance is found to be unique for all thecited” at R=R;, and the dissociation of the molecular ion is
fragmentation channels of a given molecule. In the case oflelayed until the end of the intense laser pulse.
chlorine[5], up to ten electrons are stripped from the mol-  The experiment is performed with 100-, 300-, and 500-fs
ecule for a maximum laser intensity of 0W/cn?; all the  pulses at a wavelength of 610 nm. The pulses are generated
fragment energies correspond to an explosion of the molby a white-light continuum amplified by three dye amplifiers
ecular ions starting aR.=2.9 A=1.4R.. Concerning the and focused with =60 mm achromatic lens that yields a
dynamics of Coulomb explosion, recent experimdbt§,7  maximum intensity of X10'®> W/cn?. The mass spectrom-
suggest that the molecular ions are stabilized by the strongter[5] is based on a 20-cm-long drift tube with a double
field at this critical distanc&., and explode in the falling acceleration chamber. The acceleration fields in the two
edge of the pulse. chamberq100 and 400 V/cm, respectivglgnsure that the

The observation that the multiple ionization stages of @on times of flight(TOF) are linear with their initial axial
molecule are achieved ®&=R. has been explained very velocities. The ions are received on an electron multiplier
recently by several theoretical work8—11]. Using a simple  through a 3-mm pinhole and digitized by a numerical oscil-
field ionization model, Posthumuet al. [8] define a critical loscope with a sampling interval of 1 ns. The laser polariza-
distanceR. and a critical fieldF, for which the electron tion is held parallel to the detection axis. The ion energy
energy touches the field-lowered inner and outer potentiaineasurements are made through the splittings of the ion
barriers. The calculated and measured critical distafes peaks due to the alignment of the fragments along the laser
are quite close for all studied molecules, but the model failgolarization axi§3,4]. The L, gas pressure is adjusted when-
when describing the ion apparition intensities. A recentever the laser intensity is varied, in order to keep the number
model [9] predicts a drastic enhancement of the moleculeof ions created roughly constant and to avoid space-charge
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FIG. 1. TOF mass spectra showing thiednd |, ions created FIG. 2. TOF mass spectra showing the multiply charged ions

by multiple ionizations of atomic and molecular iodine. The datacreated by multiple ionizations of atomic and molecular iodine. The

are recorded with 100-fs pulses at 610 nm, for a set of laser interdata are recorded with 100-fs pulses at 610 nm, for a set of laser

sities ranging from 10" to 3x10'™ Wi/cn?. The low-energy intensities ranging from 210" to 3x10' W/cn?. The low-

peaks(hatched arise from the ionization of iodine atoms. energy peakghatched arise from the ionization of iodine atoms.
The ion charge states are indicated in the figure.

effects. So doing, some parasitic signals such a5 Mnass  process, at an internuclear separation of at least 100 A. Ac-
28) or HCI" (masses 36 and 38how up in the high inten-  cordingly, higher ionization stages will not significantly
sity TOF spectra that are recorded at the lowest iodine preghange the energies of these fragments. This atomic process
sure. is thus easily distinguishable from the molecular MEDI pro-
The TOF mass spectra recorded at five increasing laseiess in which the ionic fragments are strongly accelerated by
intensities from X 10" to 3x10'> W/en¥ are shown in  the Coulomb repulsion. Figurgd indicates that about 15%
Figs. 1 and 2. The spectra containing the singly charged iongf the molecules have not been dissociated by the laser-pulse
are displayed in Fig. 1, whereas the multiply charged ions argedestal, which agrees reasonably well with previous results
shown in Fig. 2. At the lowest laser intensity investigated, we[12]. Due to the photodissociation process, the interaction
observe singly ionized,I" molecular ions and™1 atomic  volume consists of a uniform mixture of neutral atomic and
ions having 0.3 eV kinetic energhFig. 1(a)]. The atomic  molecular iodine. The residual molecules are subjected to the
ions are due to the multiphoton ionization of neutral frag-intense 100-fs pulse leading to MEDI via the channel
ments arising from the photodissociation via the repulsiqu(p+q)+_>|p++|q+' further denoted by, q). In addition
B, state of the neutral molecule at 610 nm, as well agg the prominentd* and slow I" [0.3 eV] ions, nascentl
from the predissociation of the bounB3Il; state into [2 eV] ions from the(1,1) MEDI channel[Fig. 1(a] and
BII, . The dissociation yields atomic fragments each havslow P [0.3 eV] ions are also observeldFig. 2@)]. The
ing a maximum kinetic energy of 0.24 eV. The dissociativeionization potentials of the atomic' 12" and molecular
quantum yield of J at 610 nm has been measured to be about, ™ —1,?"—I* [2 eV]+I* [2 eV] processes are 19.1 and
70% [12]. Photodissociation starts in the beginning of the25.5 eV, respectively13,14. At 2x10*? W/cn?, the prob-
laser-pulse pedestal at very weak intensities. Since the neabilities for double ionization of the iodine atoms and mol-
tral fragments gain no electrostatic energy in the ionizatiorecules at their equilibrium internuclear distaiRgare found
process, they must be ionized at the end of the dissociatioto be comparable.
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In the following, we compare the probabilities for
multiple ionization of the atomic and molecular processes at
the higher laser intensities. At ¥oWi/cn?, fast I ions : : : : : :

; i )
[Fig. 1(b)] and P* ions [Fig. 2(b)] show up. They pro- IEI - 2

Time of flight [ps]

ceed from the Coulomb explosion ofI" and 1,** molecu-

lar ions via the(1,2) and (2,2 dissociative channels. At
2x10'% Wien?, the (3,3 and (3,4 channels are clearly
detected [Fig. 2c)]. Finally, for an intensity of
1.3x10" Wicn?, fast ™ and P* ions issued from the
(4,4, (4,95, and even(5,5 channels show upFig. 2(d)].
Note that the kinetic energies of the fragments correspond to
an explosion of the molecule at the critical internuclear dis- — 2.1
tance(R,=3.8 A), rather than aR=R,, [6]. Interestingly, no ( \i ‘(j’l)
trace of P [0.3 eV] and of higher charged slow fragments is
observed at this intensity level. Thus, at xB0** W/cn?,

up to ten electrons can be extracted from the iodine mol-
ecule, at the critical distance, but the atom cannot even be
triply ionized. This experimental demonstration shows that
the elongation of the molecular ion to the critical distance
enhances drastically the multiple ionization probability of the @
molecule compared to that of the atom. This observation I
confirms the general predictions given in Ref]. However,

a disagreement remains between theory and experiment re-
garding the threshold intensities of the different dissociative
channels. Indeed, the theory predicts that the threshold inten-
sity for the double ionization of the molecule &=R,
should induce up to the seventh ionization of the molecule at S :

Ton Signal

| - : 1 1

R=R.. The experiment demonstrates that tipeq) chan- 10010 10 010 10 0 10
nels show up one after the other as the laser intensity is Fragment energy [eV]
gradually increased.
At the highest laser intensity investigated3x FIG. 3. TOF mass spectra showing tHé 113*, and F ions

10' Wicn?), a saturation of the molecular process is ob-created by multiple ionizations of atomic and molecular iodine. The
served. Indeed, the fragment energies and the branching rapectra are recorded at 610 nm for different laser-pulse duratpns
tios of the (p,q) channels[Fig. 2(€)] are identical to that 100-fs pulses at 810" W/cn?, p(l,)=2x10"" T; (b) 300-fs
generated at 1:810** Wi/cn?. By contrast, the atomic pro- pulses at X10'° W/cn¥, p(1,)=4x10"" T; and(c) 500-fs pulses
cess is strongly affected by the increase of the laser intensitt 3<10" Wien?, p(1,)=4x10"° T. The hatched peaks arise
A series of slow multiply charged ions, i.e3", 1**, and from the ioniz'ation_of_iodine atoms. The asgignment of the fast ions
15+ now show up in between the fast forward and backward® the (p.a) dissociative channels is also given.
ions. They all bear the same kinetic energy of 0.3 eV, which
signs the multiple ionization of the [10.3 eV] atoms. We  (I2*—=I3*—I4"). Note that the dissociating ions haa€or-
conclude that the increase of the laser intensity compensatéeri an even higher ionization probability at internuclear
for the lower ionization rate of the atomic process, so that theeparations betweeR, and infinity [9]. By contrast, the
probability for the fifth ionization of the iodine atom equals parts of the spectra containing th&" | peaks[Figs. 3a)—
the probability for the tenth ionization of the moleculeRat  3(c)] showno signal big enougtio account for the PDI of
=R;. the strong " [4 eV] signal of the(2,1) channel. With
Finally, we discuss the implications of the present obserultrashort pulses, it could be argued that the heavy iodine
vations for the concept afmolecule stabilization in strong is nearly “frozen” during the interaction and that all frag-
laser fields[5—8]. This concept has been introduced on ac-ments arise from molecular ions created at the peak of the
count of several experiments showing tiRtthe MEDI dy-  spatial intensity distribution; then the laser intensity drops
namics do not depend on the laser-pulse duration(2nithe  rapidly, so that the PDI probability is negligible. However,
fragments do not undergo postdissociation ionizat®®l),  with 300- or 500-fs pulses, the molecular ions should have
even with laser pulses as long as 2 ps. In order to furthetime to dissociate during the slower rise time of the pulse.
explore molecular stabilization, the experiment performed orFor example, the threshold intensity of the’T molecular
atomic and molecular iodine with 100-fs pulses has beeions is about X102 W/cn?. With 300-fs pulses peaking
repeated with longer pulses. The Fig. 3 displays the TORt 2x10" Wi/cn? [Fig. 3(b)] the L3* ions appear on
spectra showing théT, 13", and I'* ions obtained for pulse axis 450 fs before the peak of the pulse. If the stabiliza-
durations of 100 f§Fig. 3(@)], 300 fs[Fig. 3(b)], and 500 fs tion hypothesis is disregarded, these ions dissociate into |
[Fig. 3(c)]. Figure 3a) corresponds to the spectrum alreadyand ' ions beforethe threshold intensity of the " ions
given in Fig. Ze). The laser intensity is 210" W/cn? in is reached. The absence of PDI requires that the fast frag-
Fig. 3(b), and is reduced to>$10"* Wi/cn? in Fig. 3(c), but  ments not be present during the hot core of the laser pulse,
this is sufficient to induce strong atomic ionization processe$ut are created afterwards. The 300- and 500-fs experiments



53 MULTIPLE IONIZATION OF ATOMIC AND MOLECULAR.. .. R1961

therefore support the hypothesis of laser-induced moleculgsrominent #* MEDI fragments are not further ionized by

stabilization. the laser, even with 500-fs laser pulses. This last observation
In conclusion, we have compared the multiple ionizationsypports the concept of molecule stabilization in strong laser

processes of atomic and molecular iodine induced by.intensppekjS [5]. Indeed, the nonobservation of the PDI process,

100-, 300-, and 500-fs laser pulses at 610 nm. We find thajnger conditions where its probability is very higf, im-

(1) the double-ionization cross section for atoms is compapjies that the molecular explosion occurs in the falling edge

rable to that of molecules at their equilibrium internuclearys the |aser pulse, when the laser intensity is too low to
distance;(2) the elongation of the molecular ion to a critical jnquce PDI.

distance drastically enhances its multiple-ionization prob-

ability compared to that of the atom. For instance, ten-times- We acknowledge helpful discussions with Drs. M. Lewen-
ionized molecules are created at a laser intensity for whiclstein, L. J. Frasinski, P. B. Corkum, and B. Fleming, as well
the triply charged atomic ion is still not detectd@) under as the laser assistance of P. O’Oliveira and P. Meynadier and
conditions where the iodine atom is four-times ionized,the technical assistance of M. Bougeard and E. Caprin.
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