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Nonsequential double ionization of small molecules induced by a femtosecond laser field

C. Cornaggia and Ph. Hering
CEA Saclay, Direction des Sciences de la Matie`re, Service des Photons, Atomes et Mole´cules,

Bâtiment 522, F-91 191 Gif-Sur-Yvette, France
~Received 9 August 1999; revised manuscript received 15 March 2000; published 17 July 2000!

Nonsequential double ionization of several molecules such as N2 ,CO2 ,C2H2, and C3H4 in strong laser fields
has been unambiguously identified from the ion-yield measurements in comparison with a sequential ionization
model in the 1013– 1015 W/cm2 laser intensity range. This effect is observed mainly using linearly polarized
laser light. In circular polarization, nonsequential double ionization might be present, for instance for the C2H2

molecule, but with a much lower contribution than in linear polarization. The experimental method allows us
to detect all the double-ionization decay channels that are the molecular dication and the two-missing electron
fragmentation channels. The validity of a single-ionization tunneling model developed for atoms has been
extended to molecules, and a good agreement is observed in laser intensity ranges where single-ionization
processes take place.

PACS number~s!: 33.80.Rv, 33.80.Eh
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I. INTRODUCTION

Laser-induced nonsequential multiple ionization has b
studied in more details in atoms@1,2# than in molecules. To
our knowledge, the first reports on nonsequential double
ization of molecules appeared in 1997 with the work
Talebpouret al. on the NO molecule@3# and in 1998 with
the work of our group@4#. This paper is intended to prese
a complete set of experimental data recorded with differ
molecules such as N2, CO2, C2H2, and C3H4 and an im-
proved interpretation of molecular ionization using inten
femtosecond laser pulses. The choice of these diatomic
polyatomic molecular species among all the molecules s
ied in our laboratory is intended to show that laser-induc
nonsequential double ionization is a common feature
atomic and molecular physics.

The simplest way to understand the multiple ionization
atoms and molecules is to assume that electrons are rem
in a sequential way, since the energy of the laser photo
much smaller than the different ionization potentials. For
single ionization of neutral atoms, a lot of models have be
proposed in the past. If the number of absorbed photons
ceeds 4 or 5, the multiphoton approach is difficult to d
with because the transition amplitude calculations invo
the summation over an increasing number of intermed
states@5#. Alternative approaches based on tunnel ionizat
have been proposed in the 1960s with the advent of la
beams able to ionize atoms@6,7#. These methods have bee
adapted to complex atoms@8,9# while, at the same time, th
numerical integration of the Schro¨dinger equation become
possible in the nonperturbative regime due to the progre
of the computation facilities@10#. These different approache
involve a single active electron and were compared with s
cess to the experimental data for the ionization of neu
atoms @10,11#. The same methods were applied to the
quential ionization of atoms: the single-ionization rates
calculated for the neutral, singly charged ion, and so
However, the measured double-ionization yields were fou
to be orders of magnitude higher than the theoretical pre
tions in the case of helium@1,12,10#, neon, argon, and xeno
1050-2947/2000/62~2!/023403~13!/$15.00 62 0234
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@13# at low laser intensities. Recently, the experimental st
ies were extended to ions with charge states higher tha
with the same conclusions about the failure of the sequen
models @13#. It is concluded that nonsequential electro
emission processes play a significant role in high laser fie
Theoretical efforts are underway to involve more than o
active electron in the calculations, in particular to interp
the double-ionization ion yields measured with rare-gas
oms @2,14,15#. Finally let us mention the early models pro
posed by experimentalists to explain nonsequential dou
ionization. Fittinghof et al. proposed a shake-off proces
@12#: the escape of the outer electron produces a rapid cha
in the potential experienced by the inner electron and a
consequence an enhancement of the ionization rate. On
other hand, Corkum proposed a different mechanism ba
on electron-electron inelastic rescattering@16#. The outer
electron is ejected from the neutral atom and oscillates in
strong laser field. This electron can revisit the core after
least a half-laser period and knock off the inner electron.

Single ionization of neutral molecules by intense fem
second laser pulses remains an active area of research
the atomic models have to be adapted to the molecular fi
@17#. Several methods were proposed to improve the ag
ment with the experimental data for light molecules such
D2 @18#, unsaturated hydrocarbons@19#, or heavier molecules
@20#. Concerning the nonsequential double ionization, th
retical efforts are underway following the first trials wit
atoms@21#. To our knowledge, experimental investigatio
do not give the same wealth of results as in the atomic c

The study of double ionization presented in this pape
based on the measurements of the cation and dication y
as a function of the laser intensity atl5800 nm in the
1013– 531015 W/cm2 laser intensity range using a 50-
laser-pulse duration. The experimental results are comp
with a kinetic model where single-ionization rates of the ne
tral and single charged molecules are introduced in the eq
tions. The molecular single-ionization rates are calcula
following the tunneling theory developed by Perelom
et al. for atoms@7#, with some modifications in order to tak
into account the molecular electronic wave function of t
©2000 The American Physical Society03-1
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escaping electron. Consequently, the kinetic model is v
only for a sequential electron ejection to reach the doub
ionization thresholds. The observed deviations between
experimental measurements and the model predictions
interpreted by the presence of nonsequential dou
ionization processes. In addition, the experiments and ca
lations are performed in linear and circular polarizatio
since the atomic nonsequential double ionization has b
observed using only linearly polarized laser light. Indeed
rescattering model introduced by Corkum was successfu
interpreting the absence of nonsequential processes in c
lar polarization, since in this case the first ejected elect
does not return to the vicinity of the ionic core@16#.

Molecular dications are metastable since their fundam
tal electronic state is dominated by the Coulomb repulsion
their constituents at large internuclear distances. At shor
ternuclear distances, they exhibit a bonding structure du
covalent forces. The double-ionization decay channels
molecular dications and fragmentation channels involv
two singly charged fragments. The weak contribution
fragmentation channels involving a neutral fragment an
doubly charged fragment is not taken into account@4#. In the
present study, the fragmentation channels are identified u
the covariance mapping technique@22#. In Ref. @4# we
showed that for N2 the observed decay channels N2

21 and
N11N1 come from the same complex@N2

2112e2# fol-
lowing the laser excitation. Similar results are obtained
the CO2

21 and O11CO1 decay channels of CO2. Conse-
quently, it is possible to sum the ion yields from these de
channels to get the overall ion yield from the doub
ionization process. However, for molecules such as C2H2
and C3H4, the situation is more complex due to the presen
of several bonds, and only the detected molecular dica
yields are reported here and compared with the seque
calculation. Indeed in C2H2, the two-missing electron frag
mentation channels are very weak, while in C3H4 a more
detailed discussion will be presented in Sec. IV, which p
sents the experimental results. Finally the molecular mult
ionization, involving more than two removed electrons,
not taken into account in this paper because below the l
saturation intensities for the single and double ionization
molecules, the corresponding ion yields remain very low
comparison with the singly and doubly charged molecu
ion yields. Above the laser saturation intensity, the multi
ionization might in some cases reduce the cation and dica
signals, but with a minor contribution due to the short pu
duration used in these experiments. This point will be co
mented on in Sec. IV for the CO2 case.

II. EXPERIMENTAL SETUP

A. Laser system and beam profile

The laser system is a femtosecond kilohertz laser ch
built around thetitanium-sapphirelaser gain medium tech
nology. A self-mode locked oscillator delivers 27-fs las
pulses with a wavelength spectrum centered atl5800 nm.
The amplification is based on the chirp-pulse amplificat
technique@23#: the input laser pulses are stretched to a
ration t5300 ps before their injection in the regenerati
02340
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amplifier pumped by a kilohertz Nd31:YLF laser. The pulses
are extracted from the amplifier at the recurrence of 1 k
and recompressed tot540 fs using a two-grating compres
sor. The laser pulse durations are measured using stan
second-order autocorrelation techniques@24#. The laser-
pulses energy is typically 700mJ at t540 fs and l
5800 nm.

The laser beam is focused in the high vacuum cham
using a fused silica spheroparabolic lens corrected for sph
cal aberrations. Systematic measurements of the pulse d
tion were done at the exit window of the experimental cha
ber in order to investigate the pulse-duration broadening
to group velocity dispersion~GVD!. An upper limit of the
pulse duration inside the vacuum chamber ist55065 fs in
this case, using the compressor to compensate the GV
the fused silica entrance window and lens. The beam pro
has been measured and in particular theM2 factor which
characterizes the difference of the effective laser beam w
an ideal Gaussian laser beam@25#. In brief, the laser intensity
I (r ,z) of a Gaussian beam is@26#

I ~r ,z!5I 0Fw~0!

w~z! G
2

expH 22F r

w~z!G
2J , ~1!

where thez axis represents the direction of propagation. F
an ideal Gaussian beam, the radius at 1/e2 in the z plane is
given byw2(z)5w0

2@11(z/z0)2#, wherew0 is the radius at
I (r 5w0 ,z50)5I 0 /e2 and z05pw0

2/l is the Rayleigh
range. TheM2 parameter appears in the propagation of a r
laser beam asw2(z)5w0

2@11(M2z/z0)2# @25#. This param-
eter has been measured for our laser,M251.77, and the spo
area ispw0

252.831026 cm2. The ion yields are measure
as a function of the peak laser intensity represented byI 0 in
Eq. ~1!.

Finally, the laser energy is varied using a zero-order h
wave plate and two reflecting polarizers. The output la
beam energy is calibrated as a function of the angle of
half-wave plate with the initial polarization direction. In th
case of experiments performed with circular polarization,
additional zero-order quarter-wave plate is put after the
larizers system.

B. Ion-yields measurements

The atomic and molecular ions are identified using a tim
of-flight mass spectrometer equipped with high transpare
grids and a 40-mm effective diameter microchannel pl
detector. The short drift tube~100 mm! and the effective
Rayleigh rangezM5z0 /M25200mm ensure that all the ions
produced in the interaction volume are detected. The ab
lute numbers of ions are determined from the overall
transmission of the spectrometer, the detection efficien
and the gain of the microchannel plate~MCP! detector. The
ion spectrometer is equipped with threeT590% high trans-
parency grids that give aT3573% total ion transmission
The MCP detector efficiency is given from the GALILEO
company data worksheets and is estimated to behd550%
for 2.5 keV impinging ions. This number is not too far fro
the open area ratio of the detector, which is 63% and p
3-2
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NONSEQUENTIAL DOUBLE IONIZATION OF SMALL . . . PHYSICAL REVIEW A 62 023403
sents an accuracy of620%. As a consequence, the over
ion detection efficiency ish5T3hd536%. Finally, the av-
erage detector gain is calibrated from single–ion signals

In these experiments it is important to detect only a f
ions so that the detector response remains linear as a fun

FIG. 1. Calculated singly charged ion number per laser shot
a reference pressurep51029 Torr as a function of the peak lase
intensity for linearly polarized laser light using the~—! PPT and
(•••) ADK ionization rates for~a! helium, ~b! molecular nitrogen,
and ~c! acetylene.

FIG. 2. Adiabaticity parameterg as a function of the laser in
tensity for~—! helium, (•••) molecular nitrogen, and (22) acety-
lene. The laser polarization is linear.
02340
l

ion

of the number of impinging ions. The gas pressure is
justed in order to detect no more than 10 ions per laser s
and is varied from 1029 Torr in the 1015 W/cm2 laser inten-
sity range to 1025 Torr in the 1013 W/cm2 intensity range.
For each laser intensity, the ion signal is averaged over m
than 20 000 laser shots in order to get rid of the detec
fluctuations. The ion yields in Figs. 1–7 are presented fo
reference pressure of 1029 Torr. This pressure is the real ga
pressure inside the vacuum chamber, and takes into acc
the corrective factors of the ionization gauge applied for e
gas species.

The ion-ion fragmentation channels are identified us
the covariance mapping technique@22#, and an example is
given in our previous paper for the N11N1 fragmentation
channel with the associated kinetic-energy release spec
@4#. Moreover, this technique is used extensively in our lab
ratory for the overall fragmentation identification of mo
ecules in strong laser fields, and consequently is not
scribed in this paper@27#. Concerning the different
fragmentation channels, the N211N12 eV channel is also
detected in the experiments. Indeed the presence in the t
of-flight spectra of N21 ions that are not correlated to an
other ion signals is the signature of the existence of t
dissociation pathway. However, this channel branching ra
is very weak in comparison with the N11N1 branching
ratio because the N211N fragmentation thresholdE(N21

r
FIG. 3. Experimental~squares, N2

1 ; up triangles, N2
21 ; and

circles, N11N1,N2
21) and calculated average ion numbers p

laser shot for a reference pressurep(N2)51029 Torr as a function
of the peak laser intensity for linearly polarized laser light. T
model predictions are represented by the full curve~—! for single
ionization and the dotted curve (•••) for sequential double ioniza
tion. The experimental total contribution of double ionization
represented by the sum (d) of the detected N2

21 dications and N1

ions from the N11N11EKinetic channels with 5.6 eV<EKinetic

<11.6 eV.
3-3
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C. CORNAGGIA AND PH. HERING PHYSICAL REVIEW A62 023403
1N) is higher than the N11N1 fragmentation thres-
hold E(N11N1) following E(N211N)2E(N11N1)
515.07 eV.

III. SEQUENTIAL IONIZATION IN STRONG
LASER FIELDS

A. Atomic single-ionization rates

The photon energy atl5800 nm isEp51.55 eV and 11
and 18 photons are at least necessary to ionize, respecti
N2 and N2

1 . As a consequence, the lowest-order pertur
tion theory is unpractical for the computation of ionizatio
rates. In addition, this approach does not take into acco
the quivering energy of the departing electron in the la
field, which is Up56.0 eV at I 51014 W/cm2 and l
5800 nm in linear polarization. The tunneling theories d
veloped by Russian physicists in the 1960s constitute an
ternative approach@6,7#. The most commonly used theory
the Ammosov-Delone-Kainov~ADK ! approach, which is
valid when the adiabaticity parameterg is lower than 1@8#.
The parameterg is the ratio between the tunneling time an
the laser optical period, and is given byg5vA2I p/F, where
v andF are, respectively, the laser’s angular frequency a
electric field, andI p is the ionization potential@6#. Atomic
units ~a.u.! are used in this section. The ADK model repr
sents the limit wheng→0 of the theory proposed by Perelo

FIG. 4. Experimental~squares, CO2
1 ; up triangles: CO2

21 ;
and circles, O11CO1,CO2

21) and calculated average ion numbe
per laser shot for a reference pressurep(CO2)51029 Torr as a
function of the peak laser intensity for linearly polarized laser lig
The model predictions are represented by the full curve~—! for
single ionization and the dotted curve (•••) for sequential double
ionization. The experimental total contribution of double ionizati
is represented by by the sum (d) of the detected CO2

21 dications
and O1 ions from the O11CO11EKinetic channels with 3.6 eV
<EKinetic<6.8 eV.
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FIG. 5. Experimental~squares, CO2
1 and circles, CO2

21) and
calculated average ion numbers per laser shot for a reference
surep(CO2)51029 Torr as a function of the peak laser intensi
for circularly polarized laser light. The model predictions are re
resented by the full curve~—! for single ionization and the dotted
curve (•••) for sequential double ionization.

FIG. 6. Experimental~squares, C2H2
1 and circles, C2H2

21) and
calculated average ion numbers per laser shot for a reference
surep(C2H2)51029 Torr as a function of the peak laser intensi
for linearly polarized laser light. The model predictions are rep
sented by the full curve~—! for single ionization and the dotted
curve (•••) for sequential double ionization.

.
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NONSEQUENTIAL DOUBLE IONIZATION OF SMALL . . . PHYSICAL REVIEW A 62 023403
mov, Terent’ev, and Popov~PPT!, which is valid for arbi-
trary g values@7#. In fact, the ADK ionization rate given by
Eq. ~1! in Ref. @8# is deriveddirectly from the PPT ionization
rate using ag50 adiabaticity parameter. The comparis
between the ADK and PPT predictions will be commen
on in more detail in Sec. IV A.

The PPT model was developed using the Green-func
formalism for levels bound by short-range forces and c
rected for the long-range Coulomb interaction in order to
applied to the neutral and charged atoms ionization proce
@28# . In this paper we use the rates given in Refs.@7,28# with
the modifications described below. In the dipole coupli
approximation, the ionization rates are established for e
tric fields F(t) with constant amplitudeF following:

F~ t !5F@cos~vt !x̂1« sin~vt !ŷ#, ~2!

where v and « are, respectively, the electric-field angul
frequency and ellipticity («50 for linear polarization and
«561 for left and right circular polarizations!.

For instance, the ionization ratewkl m(F,v,«50) for the
ionization of an atom or ion by a linearly polarized laser lig
is

wkl m~F,v,«50!

5S 6

p D 1/2

~3!2n2umu23/2uEkuuCkl u2

3
~2l 11!~ l 1umu!!
2umu~ umu!! ~ l 2umu!! S 2Fk

3F D 2n2umu23/2

3~11g2!(umu/2)1(3/4)Am~v,g!

3expF2
2Fk

3F
gL~g!G . ~3!

In Eq. ~3!, l andm represent the orbital and magnetic qua
tum numbers of the bound electron, and the momentumk
and effective principal quantum numbern are defined from
the electron binding energyEk following Ek52k2/2
52Z2/(2n2), where Z is the charge of the remaining co
The ratioFk /F plays a determinant role, whereFk5k3 is
the electric field experienced by the electron in its bou
state. The factorAm(v,g) is given in Eq.~56! of Ref. @7#.
This factor takes into account the multiphoton absorption
the energy and in particular the fact that the minimal num
of absorbed photons has to overcome the quivering energ
the departing electron in addition to its binding energy. T
function gL(g) as well as the ionization rates in circula
polarization«561 are given in Ref.@7#. Finally the ioniza-
tion rate given in Eq.~3! takes into account the Coulom
correction which introduces a factor@(2Fk /F)C(g,«)#2n,
whereC(g,«) is a function of the adiabaticity parameterg
and laser ellipiticity«, and is equal to 1 in linear polarizatio
@28#.
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B. Molecular single-ionization rates

The calculation of the ionization rate given in Eq.~3! is
based on the asymptotic behavior of the wave funct
ckl m(r ,q,w) whenkr @1, wherer is the radial coordinate
of the electron:

ckl m~r ,q,w!;Ckl k3/2~kr !n21 exp~2kr !Yl m~q,w!.
~4!

In principle, the computation ofCkl requires the exact solu
tion of the Schro¨dinger equation. Ammosovet al. give an
approximation of this coefficient in the formuCkl u2
5uCn* l * u2 wheren* 5n and l * 5n21 @8#.

In the molecular case, the electronic potential is no m
centrosymmetric. In the case of linear molecules, the elec
wave function exhibits only one good quantum numberl,
which is the projection of the orbital momentum along t
internuclear axis in the molecular frame~Mol!. The corre-
sponding state vectorul&Mol can be projected on the
spherical-harmonics vector basisul l&Mol following:

ul&Mol5(
l

ul l&Mol3^l lul&Mol . ~5!

Since the calculation is performed in the laboratory fra
~Lab! relative to the laser field properties, the state vector
to be expressed in this frame,

ul&Lab 5(
l m

ul m&LabDml
(l )~V!^l lul&Mol , ~6!

FIG. 7. Experimental~squares, C2H2
1 and circles, C2H2

21) and
calculated average ion numbers per laser shot for a reference
surep(C2H2)51029 Torr as a function of the peak laser intensi
for circularly polarized laser light. The model predictions are re
resented by the full curve~—! for single ionization and the dotted
curve (•••) for sequential double ionization.
3-5
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C. CORNAGGIA AND PH. HERING PHYSICAL REVIEW A62 023403
whereDml
(l )(V) is the matrix element of theD (l ) represen-

tation of SO~3! in the spherical-harmonics vector basis a
V represents the Euler angles between the molecular
laboratory frames.

In order to apply the atomic formalism, we assume t
the molecular radial wave function̂r uk&Mol5^r uk&Lab be-
haves like the atomic one as in Eq.~4!, since the wave func-
tion is essentially Coulombic whenkr @1. In addition, the
molecular ionization rate has to be averaged over all
directions of the molecular frame followin
*dV cklckl* /(8p2) using the Green formalism of Perelo
mov et al. @7#. Due to the orthogonality properties of th
Dmm8

(l ) matrices, the molecular ionization rate is expressed
a function of the atomic ionization rateswkl m(F,v,«) as
follows:

wkl~F,v,«!5(
l m

wkl m~F,v,«!

2l 11
z^l lul&Molz2. ~7!

In our experiments, the ratioFk /F is always larger than 10
for laser intensities below the ionization saturation laser
tensities. As a result only them50 component contribute
noticeably to the ionization ratewkl(F,v,«) because of the
(2Fk /3F)2umu factor in Eq.~3!. This umu dependence also
occurs in circular polarization«561. Keeping only the
term with m50 in Eq. ~7!, the molecular ionization rate
wkl(F,v,«) can be expressed from the atomic ionizati
rate wkl m(F,v,«) replacing the factoruCkl u2@(2l 11)(l
1umu)! #/@2umu(umu)!( l 2umu)! # with the molecular coeffi-
cient uCklu2 given by

uCklu25(
l

uCkl u2z^l lul&Molz2. ~8!

For instance, in linear polarization («50), the molecular
single-ionization rate is

wkl~F,v,«50!5S 6

p D 1/2

~3!2n23/2uEki Cklu2

3S 2Fk

3F D 2n23/2

~11g2!3/4A0~v,g!

3expF2
2Fk

3F
gL~g!G . ~9!

C. Kinetic model for the sequential multiple ionization

Since the laser electric field is a pulsed field, the elec
field amplitudeF in Eq. ~2! is replaced by a time-depende
field amplitudeFg(t), whereF is the maximum amplitude
and g(t) is the temporal envelope. The temporal evoluti
for the populationnZ of ion species of chargeZ is given by

dnZ11

dt
5wZ11←ZnZ2wZ12←Z11nZ11 , ~10!

where the ionization rateswZ11←Z are given in the preced
ing section as a function ofF[Fg(t),v, and«. The integra-
02340
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tion in time is performed with a Gaussian envelopeg(t)
which corresponds to a pulse duration of 50 fs~full-width at
half maximum! relative to the laser intensity.

The populations obtained at the end of the laser pu
from Eq. ~10! are convoluted to the spatial laser intens
distribution given in Eq.~1!. Since the populationsnZ(t
5`) are computed as functions of the laser fieldF, it is
easier to compute the total ion numberNZ following:

NZ5rE
0

F0
nZ~ t5`!dv~F !, ~11!

wherer is the gas density,F0 is the maximum laser electric
field in the interaction volume, anddv(F) is the spatial vol-
ume where the field strength is in betweenF and F1dF.
Following the relationship between the laser intensity a
laser electric fieldI 5«0cF2(11«2)/2 and Eq.~1!, the vol-
umedv( f ) whereF/F0P@ f , f 1d f# is given by

dv~ f !5
2

3
v0S 1

f 2 21D 1/2S 1

f 2 12D d f

f
, ~12!

wherev05pw0
2z0 /M2 is the elementary focal volume fol

lowing the definitions given in Sec. II A. The measured las
beam parameters given in Sec. II A as well the gas den
corresponding to a gas pressurep51029 Torr at T
5298 K are introduced in the calculations. Finally only th
Z50,1,2 populations are calculated and compared to the
perimental results.

IV. RESULTS

A. Introduction to the experimental and calculated ion yields

The measured ion yields are presented in Figs. 1
where the experimental data are compared with the ca
lated ion yields from the sequential ionization model. T
ion yields are plotted in log-log coordinates as a function
the peak laser intensityI 0 because of the nonlinear nature
the molecular response. The experimental and calculated
yields exhibit the well-known saturation knee, and follow t
I 0

3/2 intensity law above the saturation intensity. This beha
ior comes from the Gaussian geometry of the laser inten
reported in Eq.~1!. When the peak laser intensityI 0 is much
larger than the saturation intensityI s , the number of detected
ions N can be approximated by

N5rE
I s

I 0
dv~ I !, ~13!

where dv(I ) is the volume where the laser intensity is
betweenI andI 1dI, andr is the gas density. This intensit
distribution is linked to the field distribution given in Eq
~12! and the above equation gives

N5rv0FWS I 0

I s
21D G'2

9
~rv0!S I 0

I s
D 3/2

, ~14!
3-6
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wherev0 is the elementary focal volume defined in Eq.~12!.
The I 0

3/2 intensity law appears from the leading term of t
functionW(x) for I 0@I s . The exact form of this function is

W~x!5
2

9
x3/21

4

3
x1/22

4

3
tan21~x1/2!. ~15!

The molecular ionization rates present one unknown
rameterCkl defined in Eq.~8!. TheCkl atomic factor can be
calculated from quantum defect theory using the wa
function normalization constants given by Greeneet al. @29#,

Ckl 5
2n~21!n2l 21

F S 11
dm

dn D nG~n1l 11!G~n2l !G1/2. ~16!

The energy of the bound electron,Ek52k2/2
52Z2/(2n2), is a function of the quantum defectm defined
by n5n2m. For m50, Eq.~16! gives the usual asymptoti
behavior of the hydrogenic wave functions. For complex
oms, Ammosovet al. give an approximation of this coeffi
cient following @8#

uCkl u25uCn* l * u25
22n*

n* G~n* 1l * 11!G~n* 2l * !
,

~17!

wheren* 5n and l * 5n21.
The molecular behavior is introduced with the coefficie

z^l lul&Molz2 in Eq. ~8! for the uCklu2 molecular coefficient.
These quantities depend on molecular orbitals and can
computed only fromab initio wave-function calculations
The method chosen in this paper is to introduce the A
atomic coefficientuCn* l * u2 in the ionization rates of the neu
tral and singly charged molecules, with the correspond
ionization potentials. Then a corrective factor is applied
these coefficients in order to get the experimental sin
charged ion yields above the laser saturation intensity. F
lowing the previous notations, this coefficient is equal
uCkl /Cn* l * u2. For each molecular species, the same coe
cient is introduced in the ionization rates of neutral and s
gly charged molecules in order to use only one parame
and remains unchanged in linear and circular polariza
since it depends only on the asymptotic behavior of the e
tronic wave function. Its significance is linked to the molec
lar behavior in comparison with the atomic one and will
commented in the next section after the presentation of
experimental results. Table I gives these corrective molec
coefficients for N2 , CO2, C2H2, and C3H4. This correction
procedure is chosen because of the widely used A
uCn* l * u2 coefficients for atoms. However, this coefficie
remains an approximation. For instance, for atomic hydro
in its 1s ground state, the ADK approximation ofuCkl u2

5uCn51,l 50u254 is uCn* 51,l * 50u254.70 from Eq.~20! in
Ref. @8# taking into account a typographical error , while
better approximation of Eq.~17! gives uCn* 51,l * 50u2
54.17. Now let us consider the oxygen atom that exhibits
ionization potential 13.6 eV close the hydrogen ionizati
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potential. Following the ADK approximation, these two sp
cies will have very closeuCn* l * u2 coefficients. However,
this coefficient has to depend on the asymptotic behavio
the electronic wave function. To our knowledge, hydrog
and oxygen atoms do not exhibit similar wave functions d
to their respective 1s monoelectronic character in hydroge
and 2p4 multielectronic character in oxygen.

Finally, the PPT model is compared to the more wide
used ADK model in Fig. 8, which represents the ion yiel
for He, N2, and C2H2 using the PPT and ADK ionization
rates. In both cases, the ADK parametersuCn* l * u2 are used.
As expected from the validity of the ADK model, the dis
agreement between the two models predictions is more
nounced for species with lower ionization potentials such
C2H2 @ I p(C2H2)511.4 eV# in comparison with helium
@ I p(He)524.6 eV#. This behavior is linked to the value o
the g parameter, which is plotted in Fig. 9. For helium, th
ionization takes place above 1014 W/cm2, where theg pa-

TABLE I. Corrective molecular coefficientsuCkl /Cn* l * u2 in-
troduced in the ionization rates. See text for the C3H4 molecular
corrective coefficient interpretation.

Molecule uCkl /Cn* l * u2

N2 0.5
CO2 0.3
C2H2 0.14
C3H4 0.08

FIG. 8. Experimental~squares, C3H4
1 and circles, C3H4

21) and
calculated average ion numbers per laser shot for a reference
surep(C3H4)51029 Torr as a function of the peak laser intensi
for linearly polarized laser light. The model predictions are rep
sented by the full curve~—! for single ionization and the dotted
curve (•••) for sequential double ionization.
3-7
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C. CORNAGGIA AND PH. HERING PHYSICAL REVIEW A62 023403
rameter remains close or smaller than 1. On the contrary
N2 and C2H2, the ionization takes place below 1014 W/cm2,
where theg parameter is significantly larger than 1. In th
intensity range, the ADK model is no more valid. Even f
helium, the disagreement between the PPT and ADK ra
increases at lower laser intensities as it is expected. At l
intensities above saturation, the PPT ion yields are hig
than the ADK rates, especially when the ionization poten
gets lower. This is due to the laser intensity distributi
within the focal volume. Indeed, since the PPT rates
higher than the ADK rates at low laser intensity, the exte
sion of the focal volume will contribute to the total ion yie
more significantly in the PPT model. In the following se
tions, the measured ion yields are compared only to the P
calculated ion yields for the sake of clarity in Figs. 1–
Moreover, the validity of the PPT model was clearly esta
lished for rare-gas atoms by Larochelleet al. @11#.

B. N2

Some of the N2 results have been presented in a previo
paper in comparison with an atomiclike ADK sequenti
ionization model@4#. Figure 1 represents the N2

1 , N2
21,

and the sum of the N2
21 and N1 ion yields in comparison

with the tunneling model predictions presented in this pap
In Ref. @4#, it was shown that the detected N2

21 ions and
N11N11EKinetic fragmentation channels follow the sam
laser intensity dependence for different kinetic energy
leasesEKinetic . The kinetic-energy release spectrum of t
N11N1 channels takes place in the 5–13-eV range wit

FIG. 9. Experimental~squares, C3H4
1 and circles, C3H4

21) and
calculated average ion numbers per laser shot for a reference
surep(C3H4)51029 Torr as a function of the peak laser intensi
for circularly polarized laser light. The model predictions are re
resented by the full curve~—! for single ionization and the dotte
curve (•••) for sequential double ionization.
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maximum at 7.6 eV. It was concluded that these ion spe
belong to two different decay channels of the@N2

21

12e2# complex after the laser excitation following

@N2
2112e2#→N2

2112e2,N11N112e2. ~18!

In Fig. 1 the total contribution of the molecular double io
ization is the sum of the N2

21 and N1 ion yields, where the
N1 ions belong to the N11N11EKinetic (5.6 eV<EKinetic

<11.6 eV) channels identified from the ion-ion correlatio
technique. Using a molecular corrective fact
uCkl /Cn* l * u250.5, the PPT model gives a better agreem
than the ADK model for the N2

1 ion yield, since all the
measured ion yields lie on the PPT calculated curve~see Fig.
8 for a comparison of ADK and PPT rates!. Moreover, using
the same corrective coefficient, the saturation intensity of
(N2

21 ,N11N1) contribution is well reproduced.
Below the saturation intensity, the sequential model c

not reproduce the ion yields from the double-ionization d
cay channels. As in the case of atoms, this is a clear signa
of nonsequential double ionization below the saturation
tensity of the single-ionization process. Since the N2

21 de-
tected dications are produced at short internuclear dista
where covalent forces are effective, the double-ionizat
process is a vertical Franck-Condon excitation@4#. Another
example of this behavior will be given for the CO2 molecule.
Experiments were not performed using circular polarizat
because the N2

21 signal occurs at the same time of flight a
the N1 ions ejected perpendicularly to the spectrometer a
In this case, it is not possible to separate the N2

21 contribu-
tion from the N1 contribution.

C. CO2

Figure 2 represents the CO2 results recorded using lin
early polarized laser light. The molecular corrective coe
cient is uCkl /Cn* l * u250.3. The agreement with the exper
mental data is less satisfactory than in the N2 case. In
particular, below the CO2

1 laser saturation intensity, th
measured CO2

1 ion yields are smaller than the calcu
lated ones. The ionization potential,I p(CO2

1:X̃2Pg

←CO2:X̃1Sg
1)513.77 eV, corresponds to the ionizatio

process leading to theX̃2Pg electronic ground state of th
CO2

1 ion. Ionization leading to excited states of CO2
1 , for

instance Ã2Pu or B̃2Su
1 , involves higher ionization

potentials I p(CO2
1 :Ã2Pu←CO2:X̃1Sg

1)517.30 eV and

I p(CO2
1 :B̃2Su

1←CO2:X̃1Sg
1)518.06 eV. Following Eq.

~3!, higher ionization potentials will lower the ionization ra
because of the exponential factor exp@22FkgL(g)/3F#, where
Fk5k35(2I p)3/2. Consequently, the differences observed
Fig. 2 between the CO2

1 measured and calculated ion yield
might be the signature of final excited states of the CO2

1

ion. However, since the exact contribution of these state
not known, no trials were undertaken to introduce their e
ergies in the calculation. As in the N2 case, the CO2

21 and
O11CO1 double-ionization decay channels follow the sam

es-

-

3-8
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laser intensity dependence at low intensity because
come from the same complex@CO2

2112e2# as in the fol-
lowing:

@CO2
2112e2#→CO2

2112e2,O11CO112e2.
~19!

Above saturation, the total contribution of these decay ch
nels is not reproduced by the calculation using the sa
molecular corrective coefficient as for the neutral CO2 ion-
ization. However, although the sequential ionization mo
overestimates the double-ionization signals, the meas
ion yields are several orders of magnitude larger than
predicted ones at low laser intensities. As in the N2 case, this
fact is a clear signature of nonsequential double ionizatio

CO21 laser→@CO2
2112e2#. ~20!

For laser intensities above the CO2
1 saturation intensity, the

double ionization is sequential because only CO2
1 ions oc-

cupy the laser focal volume. In this intensity range, t
CO2

21 ion yield does not follow theI 0
3/2 saturation law. This

might be due to further ionization and/or dissociation of t
ion by the laser field. On the contrary, theI 0

3/2 saturation law
is observed for the O11CO1 channel laser intensity depen
dence, which is not represented in Fig. 2 for sake of clar
Concerning the discrepancy with the calculations above
saturation intensity where single ionization is effective, t
ionization potential of CO2

1 introduced in the ionization rate
is I p(CO2

1)522.4 eV, and the observed difference betwe
the experimental and calculated ion yields might be due
the fact that the ionization of CO2

1 produces excited state
of the @CO2

21# complex. In this case, the ionization pote
tial is higher than 22.4 eV, and the ionization rate is lowe

Figure 3 presents the measured and calculated ion yi
in circular polarization. Above the saturation intensity of t
CO2

1 ion species, the CO2
1 ion yields are well-reproduced

by the calculation using the same corrective coefficient a
linear polarization. This feature is expected from our mod
since the corrective factor depends only on the molec
orbitals, and is independent of the laser polarization st
Below the CO2

1 saturation intensity, the model overes
mates the ion yields. As in the linear case, this might be
signature that the ionization of neutral molecules does
occur only via the fundamental sate of CO2

1 , but also via
excited states of the ion. For the double-ionization chann
only the CO2

21 ion yields are reported because it is difficu
to separate in the time-of-flight spectrum the contribution
the O11CO1 channels with a specified kinetic energy r
lease, since the fragmentation is isotropic in the plane of
circularly polarized laser light. Above the CO2

21 saturation
intensity, the calculated ion yields are five times larger th
the CO2

21 yields. This large difference comes from the fa
that the fragmentation channels are not taken into accoun
in the linear case, while the calculation concerns all
double-ionization decay channels. Below the saturation
tensity, the signature of nonsequential double-ionization
mains difficult to assign, since the measured ion yields
main below the predicted sequential ion yields.
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D. C2H2

Figure 4 presents the measured and calculated ions y
for the C2H2 molecule in linear polarization. The saturatio
knees of C2H2

1 at I s(C2H2
1)'1014 W/cm2 and C2H2

21 at
I s(C2H2

21)'331014 W/cm2 are well reproduced by the
sequential calculation for a molecular corrective factor 0.
The overall C2H2

1 experimental data are in good agreeme
with the PPT model. For the C2H2

21 ion, three laser inten-
sity ranges bounded byI s(C2H2

1)'1014 W/cm2 and
I s(C2H2

21)'331014 W/cm2 appear in Fig. 4. ForI
.I s(C2H2

21), the double ionization is sequential since t
data are reproduced by the calculation. ForI s(C2H2

1),I
,I s(C2H2

21), an increasing disagreement is observed wh
the laser intensityI is decreased. In this laser intensity rang
nonsequential double ionization begins to be effective.
nally for I ,I s(C2H2

1), the disagreement is a clear signatu
of nonsequential double ionization. A saturation knee
pears for C2H2

21 ions at the same intensityI s(C2H2
1)

'1014 W/cm2 as for C2H2
21 ions. The reason is that th

direct double ionization of neutral molecules saturates at
the same intensity as the single ionization, because there
no more neutral species in the interaction volume.

The molecular ion yields in the intermediate regio
I s(C2H2

1),I ,I s(C2H2
21), exhibit a similar behavior as in

atomic helium@10#, but with a much less observable passa
from the nonsequential regime to the sequential regime
the helium case, the saturation knees for the single and n
sequential double ionizations of neutral atoms appear cle
before the saturation knee of the ionization of singly charg
He1 ions. The two separated well-defined knees of the He21

ion yields are due to the fact that the laser intensity has to
increased significantly to ionize the He1 ion. In the C2H2
case, the ionization potential of C2H2

1 ions is 20.3 eV and is
much lower than the 54.4-eV ionization potential of He1.
Consequently, the saturation intensities of the single ion
tions of the neutral and singly charged molecule are clo
than in the helium case. This overall behavior can be
served with N2 and CO2, basically for the same reasons.

Two missing electron fragmentation channels such
H11C2H1 or CH11CH1 are not detected. Indeed the goo
agreement between the detected C2H2

21 dication ion yields
and the results of the calculation above the saturation la
intensity I s(C2H2

21) gives another indication that thes
channels play a minor role, since the calculation includes
the decay channels from the single ionization of C2H2

1 ions.
The circular polarization results are presented in Fig. 5.
ing the same molecular corrective factor as in linear po
ization, a relative good agreement is obtained only
C2H2

1 ions. Unlike the linear case, the calculation overes
mates the C2H2

21 ion yields above saturation. Below satu
ration, the crossing of the calculated and experimen
C2H2

21 ion-yield curves might be an indication for nons
quential ionization in circular polarization, but with a muc
less pronounced behavior than in linear polarization.

E. C3H4

The analysis of Fig. 6 and Fig. 7 gives the same conc
sions as for the other molecules. In linear polarization,
3-9
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C3H4
21 ion yields exhibit a single saturation knee because

the low ionization potential,I p(C3H4
1)518 eV, of the

C3H4
1 ion. Consequently, the intermediate region from no

sequential to sequential behaviors does not appear, as i
helium case@10#. In addition, the slight fluctuations of th
measured ion yields around the calculated curve above s
ration might indicate the presence of resonances. In circ
polarization, the agreement is obtained only for the sin
charged C3H4

1 ions. Although the calculation overestimat
the C3H4

21 ion yields, the overall parallelism of the exper
mental and calculated curves show that the double ioniza
is dominated by sequential processes.

In the time-of-flight spectra, C3H3
1 and C3H2

21 ions are
also detected with a weaker contribution than the C3H4

1 and
C3H4

21 ions. These ions come from fragmentation chann
involving hydrogen atoms and protons. For instan
C3H2

21 dications might come from a proton loss fro
C3H3

1 , and also from a hydrogen atom loss from C3H3
21

dications that appear very weakly in the time-of-flight spe
tra. Due to the complicated dynamics for these ions prod
tion, they are not taken into account for a first approach
double ionization of C3H4. Consequently, the molecular co
rective coefficient reported in Table I has a weaker mean
than for other molecules, where the double-ionization fr
mentation channels were clearly identified.

V. DISCUSSION

In this section the validity of the molecular single
ionization rates is discussed in comparison with the exp
mental data. The comparison applies to the ionization of n
tral molecules, and to the ionization of single charg
molecules in the laser intensity range where nonseque
double ionization is no more effective, i.e., above the la
saturation intensity of the neutral species. The nonseque
double-ionization results are compared with the predicti
of the rescattering model in order to emphasize the need
a full quantum approach of this process.

A. Single ionization of neutral molecules

A reasonable agreement is obtained between the m
sured singly charged molecules ion yields and the mo
predictions developed in Sec. III. The molecular correct
coefficients are given in Table I from the experimental m
surements, and find their origin in Eq.~8!. These corrective
coefficients are smaller than 1, and decrease as the siz
the molecules increase. Let us emphasize that this an ex
mental conclusion which has to be considered in the fram
the chosen ionization model developed in Sec. III B. In p
ticular, the molecular ionization rates are obtained using
atomic pointlike radial dependence of the electronic wa
function at larger, cRad,k(r );k3/2(kr )n21 exp(2kr), but
with a molecular angular dependence to take into accoun
fact that the atomic orbital quantum numberl is no longer a
good quantum number for molecules. This angular dep
dence introduces the anisotropy of the molecular field. In
~8!, the Ckl coefficient is built with different atomicCkl
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values, which decrease asl increases. For instance, for pu
hydrogenic wave functions wherek5Z/n, the ratio
uCkl /Ck,l 11u2 is given by

U Ckl

Ck,l 11
U2

5
n1l 11

n2l 21
. ~21!

Since the atomicuCkl u and the associated ADKuCn* l * u
coefficients involve the lowest possiblel value, they are
larger than the molecularuCklu coefficient. This does no
mean that molecules are harder to ionize than atoms, bec
the main contribution in the ionization rate comes from t
momentumk associated with the ionization potentialEk
52k2/2. For instance, molecules such as CO2 or C2H2
have lower ionization potentials than atoms such as He,
or Ar. Consequently, the corresponding molecular ionizat
rates are higher than the atomic ionization rates.

For the simplest investigated molecule N2, the corrective
coefficient isuCkl /Cn* l * u250.5. Following the above dis
cussion, theuCklu is aroundA2 smaller for the N2 3sg out-
ermost orbital than for an ADK atomic orbital. This result
in good agreement with the results of Lianget al., who found
that the Ar1 ion yields are larger than the N2

1 ion yields
@30#. The choice of the atomic argon for the comparison w
due to the close ionization potentials of Ar,I p(Ar)
515.75 eV, and N2,I p(N2)515.58 eV. The decrease o
the corrective coefficient in Table I as a function of the i
vestigated molecules might be due to several effects.
first one has to be associated to the molecular electronic
figuration. In N2, the outer shell is built withsg electrons,
while other molecular species involvep electrons. In a re-
cent work of Guoet al., the O2 ionization rates were found
very weak in comparison with the atomic xenon ionizati
rates@31#. Considering the comparisons of, respectively,2
and Ar, and O2 and Xe, these authors concluded that ele
tronic structure plays a significant role in tunnel ionizatio
However, unlike O2, the molecules reported in Table I ex
hibit closed-shell electronic structures as rare-gas atoms.
other reason for the decrease of the corrective coeffic
might be linked to the size of the molecule. The molecu
electronic wave function is increasingly different from a
atomic wave function, and theuCklu2 development in Eq.~8!
involves higherl values as the molecular size increases. T
molecular corrective coefficient reported for C3H4 in Table I
is a less accurate value than for other molecules, since
fragmentation channels involving C3H3

1 and C3H2
21 are

not taken into account. The effective coefficient is thus e
pected to be larger and might be closer to the C2H2 coeffi-
cient.

Finally, the molecular reorientation is not taken into a
count in this discussion. In Sec. III B, the ionization rate
calculated assuming an isotropic molecular distribution.
our opinion, this problem remains to be investigated in m
detail, but is not straighforward since different molecular o
entations can contribute to the total ion signal at differe
times during the laser pulse. Consequently, a theoretical
proach including the electronicandnuclear dynamics in trac
table analytical ionization rates is still missing. Neverthele
3-10
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NONSEQUENTIAL DOUBLE IONIZATION OF SMALL . . . PHYSICAL REVIEW A 62 023403
the contribution of reorientation processes might be inclu
in the experimental molecular corrective coefficients given
Table I.

B. Single ionization of singly charged molecules

The same corrective coefficients were applied to the i
ization rates of neutral and singly charged molecules in or
to introduce only one parameter per molecule. This appro
mation can be justified by the fact that the outerm
orbitals of the neutral and singly charged molecu
electronic ground states exhibit the same symmet
for N2 , CO2, C2H2, and C3H4. For instance, they are
. . . 1pu

4 3sg
2 and . . . 1pu

4 3sg in, respectively, N2 and
N2

1 , and . . . 1pu
4 1pg

4 and . . . 1pu
4 1pg

3 in, respectively,
CO2 and CO2

1 . In linear polarization, the agreement wi
the experimental data is good for N2 , C2H2, and C3H4, in the
laser intensity range where the sequential ionization is ef
tive, i.e., above the saturation intensity of the neutral spec
In all other cases except for CO2 in circular polarization, the
disagreement does not exceed a factor of 2. Finally, the C2
disagreement in circular polarization come from the fact t
the O11CO1 contribution is not taken into account in th
comparison with the predictions of the calculation.

These results show that theuCklu2 coefficients are not
very different for neutral and singly charged molecules,
though the corresponding wave functions are not ident
because of the different electronic potentials of the neu
and singly charged molecules. In conclusion, for a be
understanding of single ionization of neutral and sing
charged molecules, a detailed knowledge of the final st
of the ionization process is necessary as it is outlined
CO2 in Sec. IV C. Electron spectroscopy might be qu
helpful for the determination of these states as well as for
investigation of the correlated dynamics of the two electro
ejected at low laser intensities where nonsequential do
ionization plays a dominant role.

C. Nonsequential double-ionization rates

Nonsequential double ionization was established using
comparison between the experimental data and a seque
ionization model. Another way is to consider the ratio b
tween the detected products of double-and single-ioniza
processes@10#. For laser intensities well below the single
ionization saturation intensity, the populationsn0 , n1, and
n2 of, respectively, the neutral species, singly, and dou
charged species follow the set of equations:

dn0

dt
52~w201w10!n0'0,

dn1

dt
52w21n11w10n0'w10n0 , ~22!

dn0

dt
5w21n11w20n0'w20n0 ,
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for a fixed laser field, and where the rateswji represent the
ionization fromi to j species. In particular, the unknownw20
nonsequential double-ionization rate is included in the ab
kinetic equations. For a square temporal profile of the la
pulse, then2 /n1 ratio is given byn2 /n15w20/w10 at the end
of the laser interaction. As is expected, the ration2 /n1 is
very weak in the absence of nonsequential double ionizat

Figure 10 represents the measured@N2
21#/@N2

1# ratio,
including the total contribution of double ionization in com
parison with the prediction of the sequential model. For la
intensities below 431014 W/cm2, the contribution of non-
sequential double ionization shows that the ratiow20/w10
does not vary significantly with the laser intensity. For las
intensities above 731014 W/cm2, the agreement with the
sequential model is good since double ionization is ess
tially sequential in this intensity range. This type of compa
son no longer involves the unknownCkl coefficients and
allows us to compare the laser intensity dependences ofw10
andw20. However, the measured ion yields come from t
total distribution of the laser intensity within the focal vo
ume.

The same comparisons are presented for C2H2 in Figs. 11
and 12 for, respectively, linearly and circularly polarized
ser light. For linearly polarized laser light, the ratiow20/w10
varies smoothly with the laser intensity and decreases
lower laser intensities. For circularly polarized laser lig
the experimental curve crosses the sequential curve atI'4
31014 W/cm2. As outlined in Sec. IV D, this might be the
signature of nonsequential double ionization in circular p
larization. To our knowledge, no simple analytical expre
sions ofw20 have been proposed in the literature for ato
and molecules. Consequently, the results in Figs. 10 and
might be helpful for a tunneling model of nonsequent
double ionization.

FIG. 10. Experimental (d) and calculated~—! ion signal ratios
@N2

21#/@N2
1# as a function of the peak laser intensity for linear

polarized laser light.
3-11
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D. Electron rescattering processes in nonsequential
double ionization

The rescattering model was introduced by Corkum in
der to explain a wide variety of strong fields effects, whe
the first ionized electron oscillates in the intense laser fi
@16#. According to this model, nonsequential double ioniz
tion is due to the return of the electron wave packet in

FIG. 11. Experimental (d) and calculated~—! ion signal ratios
@C2H2

21#/@C2H2
1# as a function of the peak laser intensity f

linearly polarized laser light.

FIG. 12. Experimental (d) and calculated~—! ion signal ratios
@C2H2

21#/@C2H2
1# as a function of the peak laser intensity f

circularly polarized laser light.
02340
-
e
d
-
e

vicinity of the ion core. If the kinetic energy of the electro
exceeds thee-2e scattering energy, then the ion can be c
lisionaly ionized. This picture is very attractive since nons
quential double ionization is mainly observed in linearly p
larized laser fields. Indeed for circularly polarized laser lig
the electron trajectory never returns to the vicinity of the i
and the electron-ion interaction does not occur.

In a linearly polarized electric fieldF(t)5 x̂F cos(vt), an
electron ejected by a tunneling process will oscillate with
initial velocity v(t0)'0 at timet0 when it is freed from the
neutral molecule. The ponderomotive energyUp

5qe
2F2/(4mev

2) is the average kinetic energy of the osc
lating electron. The maximum kinetic energy in a rescatt
ing process with the ion core isTmax53.17Up for an electron
ejected atvt0517° modulo 180°. Table II reports these
maximum kinetic energies calculated at the appearanc
laser intensities atl5800 nm for the different detected d
cations. It is important to emphasize that these intensities
not significant physical quantities, but are simply related
the experimental method. In particular, they depend on
acquisition time because of the probabilistic nature of dou
ionization. In Table II the maximum return kinetic energi
are smaller than the ionization potentials of singly charg
molecules and, consequently, a directe-2e process cannot be
responsible for nonsequential ionization at low laser int
sity. However, in the case of N2 and CO2, the rescattering
energies are sufficiently large to produce inelastic scatte
leading to excited ionic states. Since the ionization rates
excited states are larger than the ionization rate of the f
damental state, inelastic scattering might be effective in m
lecular nonsequential double ionization. In the case of C2H2
and C3H4, the maximum rescattering energy remains in t
electron volt range. In this case, the rescattering picture
more difficult to apply.

As outlined by Corkum, Watsonet al., and other re-
searchers, a full quantum approach is necessary to inv
gate nonsequential double ionization of atoms and molec
@16,2,14,15,21#. In the molecular case, the one-dimension
model of Pegarkovet al. developed for N2 is in good agree-
ment with the experimental data of this paper@21#. More-
over, the correlated behavior of the ejected electrons in
atomic and molecular multiionization remains an importa
issue in strong laser fields physics. In particular, we alre
reported the nonsequential double ionization of CO2

1 ions
leading to the multifragmention of the system into three s

TABLE II. Experimental appearance laser intensity for the
cation I a(M21), maximum electron return kinetic energy in linea
polarization 3.17Up@ I a(M21)#, and ionization potential of the
singly charged moleculeI p(M21←M 1) as functions of the
moleculeM.

MoleculeM I a(M21) 3.17Up@ I a(M21)# I p(M21←M 1)
(W/cm2) ~eV! ~eV!

N2 731013 13.3 27.1
CO2 531013 9.5 22.4
C2H2 231013 3.8 20.3
C3H4 1013 1.9 18.0
3-12
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gly charged atomic ions following@27#

CO2
11 laser→O11C11O112e2. ~23!

To our knowledge, there is not yet a thorough understand
of these processes that might play quite a significant rol
molecular multiionization and multifragmentation.

VI. CONCLUSION

Nonsequential double ionization of several molecules
strong laser fields has been unambiguously identified fr
the ion-yield measurements in comparison with a sequen
ionization model. This effect is observed mainly using li
early polarized laser light. In circular polarization, nons
quential double ionization might be present, for instance
the C2H2 molecule, but with a much lower contribution tha
in linear polarization. The validity of a single-ionization tun
neling model developed for atoms has been extended to
.

K

a-

r,

y

02340
g
in

n
m
al

-
r

ol-

ecules, and a relative good agreement is observed in l
intensity ranges, where single-ionization processes t
place. Let us mention the case of the CO2 molecule, which
does not fit the predictions of the model, and conseque
shows that the single ionization of molecules in strong la
fields demands further experimental and theoretical contr
tions. Finally, the first theoretical efforts aimed at the non
quential double ionization of molecules appeared quite
cently, and they constitute a promising challenge for
comparison of the experimental and theoretical results.
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