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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 MatieService des Photons, Atomes et Males,
Batiment 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,a€®,,C,H,, and GH, in strong laser fields
has been unambiguously identified from the ion-yield measurements in comparison with a sequential ionization
model in the 18— 10'° W/cn? laser intensity range. This effect is observed mainly using linearly polarized
laser light. In circular polarization, nonsequential double ionization might be present, for instance fgHthe C
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 numbg(s): 33.80.Rv, 33.80.Eh

[. INTRODUCTION [13] at low laser intensities. Recently, the experimental stud-
ies were extended to ions with charge states higher than 2,
Laser-induced nonsequential multiple ionization has beemith the same conclusions about the failure of the sequential
studied in more details in atonf&,2] than in molecules. To models [13]. It is concluded that nonsequential electron
our knowledge, the first reports on nonsequential double ionemission processes play a significant role in high laser fields.
ization of molecules appeared in 1997 with the work ofTheoretical efforts are underway to involve more than one
Talebpouret al. on the NO molecul¢3] and in 1998 with  active electron in the calculations, in particular to interpret
the work of our groug4]. This paper is intended to present the double-ionization ion yields measured with rare-gas at-
a complete set of experimental data recorded with differenoms[2,14,15. Finally let us mention the early models pro-
molecules such as N CO,, C,H,, and GH, and an im- posed by experimentalists to explain nonsequential double
proved interpretation of molecular ionization using intenseionization. Fittinghof et al. proposed a shake-off process
femtosecond laser pulses. The choice of these diatomic afd?2]: the escape of the outer electron produces a rapid change
polyatomic molecular species among all the molecules studn the potential experienced by the inner electron and as a
ied in our laboratory is intended to show that laser-inducedconsequence an enhancement of the ionization rate. On the
nonsequential double ionization is a common feature irother hand, Corkum proposed a different mechanism based
atomic and molecular physics. on electron-electron inelastic rescatteriftp]. The outer
The simplest way to understand the multiple ionization ofelectron is ejected from the neutral atom and oscillates in the
atoms and molecules is to assume that electrons are removetitong laser field. This electron can revisit the core after at
in a sequential way, since the energy of the laser photon ieast a half-laser period and knock off the inner electron.
much smaller than the different ionization potentials. For the Single ionization of neutral molecules by intense femto-
single ionization of neutral atoms, a lot of models have beersecond laser pulses remains an active area of research since
proposed in the past. If the number of absorbed photons exthe atomic models have to be adapted to the molecular field
ceeds 4 or 5, the multiphoton approach is difficult to deal[17]. Several methods were proposed to improve the agree-
with because the transition amplitude calculations involvement with the experimental data for light molecules such as
the summation over an increasing number of intermediat®, [18], unsaturated hydrocarbof9], or heavier molecules
stated5]. Alternative approaches based on tunnel ionizatior{20]. Concerning the nonsequential double ionization, theo-
have been proposed in the 1960s with the advent of lasaetical efforts are underway following the first trials with
beams able to ionize atoni§,7]. These methods have been atoms[21]. To our knowledge, experimental investigations
adapted to complex atonii8,9] while, at the same time, the do not give the same wealth of results as in the atomic case.
numerical integration of the Schdimger equation becomes  The study of double ionization presented in this paper is
possible in the nonperturbative regime due to the progressdmsed on the measurements of the cation and dication yields
of the computation facilitieg10]. These different approaches as a function of the laser intensity at=800 nm in the
involve a single active electron and were compared with suc10'3-5x 10'> W/cn? laser intensity range using a 50-fs
cess to the experimental data for the ionization of neutralaser-pulse duration. The experimental results are compared
atoms[10,11. The same methods were applied to the sewith a kinetic model where single-ionization rates of the neu-
guential ionization of atoms: the single-ionization rates areral and single charged molecules are introduced in the equa-
calculated for the neutral, singly charged ion, and so ontions. The molecular single-ionization rates are calculated
However, the measured double-ionization yields were foundollowing the tunneling theory developed by Perelomov
to be orders of magnitude higher than the theoretical predicet al. for atoms[7], with some modifications in order to take
tions in the case of heliufi,12,10, neon, argon, and xenon into account the molecular electronic wave function of the
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escaping electron. Consequently, the kinetic model is validmplifier pumped by a kilohertz Nd:YLF laser. The pulses
only for a sequential electron ejection to reach the doubleare extracted from the amplifier at the recurrence of 1 kHz
ionization thresholds. The observed deviations between thgnd recompressed to=40 fs using a two-grating compres-
experimental measurements and the model predictions agr. The laser pulse durations are measured using standard
interpreted by the presence of nonsequential doublesecond-order autocorrelation techniqugy]. The laser-

ionization processes. In addition, the experiments and calclpulses energy is typically 7@ at =40 fs and A
lations are performed in linear and circular polarizations,=g800 nm.

r
w(z)

since the atomic nonsequential double ionization has been The |aser beam is focused in the high vacuum chamber

observed using only linearly polarized laser light. Indeed theysing a fused silica spheroparabolic lens corrected for spheri-

rescattering model introduced by Corkum was successful igal aberrations. Systematic measurements of the pulse dura-

interpreting the absence of nonsequential processes in cirction were done at the exit window of the experimental cham-

lar polarization, since in this case the first ejected electromer in order to investigate the pulse-duration broadening due

does not return to the vicinity of the ionic cof&6]. to group velocity dispersiofiGVD). An upper limit of the
Molecular dications are metastable since their fundamenpyise duration inside the vacuum chamberis50+5 fs in

tal electronic state is dominated by the Coulomb repulsion othis case, using the compressor to compensate the GVD in

their constituents at large internuclear distances. At short inthe fused silica entrance window and lens. The beam profile

ternuclear distances, they exhibit a bonding structure due tﬁas been measured and in particu'ar Mé factor which

covalent forces. The double-ionization decay channels argharacterizes the difference of the effective laser beam with

molecular dications and fragmentation channels involvingan jdeal Gaussian laser be&®5]. In brief, the laser intensity

two singly charged fragments. The weak contribution of|(r z) of a Gaussian beam [£6]

fragmentation channels involving a neutral fragment and a

doubly charged fragment is not taken into accduit In the w(0)]? 2

present study, the fragmentation channels are identified using I(r,2)=1o w(z) exp[ -2 ] @

the covariance mapping techniqui22]. In Ref. [4] we

showed that for M the observed decay channels?N and  where thez axis represents the direction of propagation. For

N*+N* come from the same compléN,*" +2e"] fol-  an ideal Gaussian beam, the radius & 1 the z plane is

lowing the laser excitation. Similar results are obtained forgiyen byw?(z) =w3[ 1+ (z/z0)?], wherew, is the radius at

the CQ?" and O'+CO" decay channels of COConse- | (y=w, z=0)=1,/¢> and zo=mw2/\ is the Rayleigh

guently, it is possible to sum th_e ion yields from these deca¥ange. Thevi2 parameter appears in the propagation of a real

_cha_mn(_als to get the overall ion yield from the double—|aser beam awz(z):wé[lJr(Mzz/zo)z] [25]. This param-

lonization process. However, for molecules such a8lC  gor hag heen measured for our lagéf=1.77, and the spot

and GH,, the situation is more complex due to the Presence, - is-w2=2.8x10-° cm?. The ion 'yields 'are measured

of several bonds, and only the detected molecular dication a functi%n o'f the peak Iaéer intensity representeth iy

yields are reported here and compared with the sequenti%fq 1)

;a;zl:;?itcl)%n.crlwr;dnie(.jslr;g'i/,etrt;/ewt\ggl;m\ﬁﬁzlneg igg?mfeg_ Finally, the laser energy is varied using a zero-order half-

. : : . L . wave plate and two reflecting polarizers. The output laser

detailed discussion will be presented in Sec. IV, which Préyeam energy is calibrated as a function of the angle of the

sents the e>_<perin_1enta| results. Finally the molecular multipl alf-wave plate with the initial polarization direction. In the

lonization, involving more t'han two removed electrons, 'Scase of experiments performed with circular polarization, an

not taken into account in this paper because below the las lditional zero-order quarter-wave plate is put after the po-

saturation intensities for the single and double ionization o arizers system

molecules, the corresponding ion yields remain very low in '

comparison with the singly and doubly charged molecular )

ion yields. Above the laser saturation intensity, the multiple B. lon-ylelds measurements

ionization might in some cases reduce the cation and dication The atomic and molecular ions are identified using a time-

signals, but with a minor contribution due to the short pU|Seof_f|ight mass spectrometer equipped with high transparency

duration used in these experiments. This point will be comyrids and a 40-mm effective diameter microchannel plate

mented on in Sec. IV for the C{rase. detector. The short drift tubé100 mm) and the effective
Rayleigh rangey, = z,/M?= 200 um ensure that all the ions
Il. EXPERIMENTAL SETUP produced in the interaction volume are detected. The abso-

lute numbers of ions are determined from the overall ion
transmission of the spectrometer, the detection efficiency,
The laser system is a femtosecond kilohertz laser chaiand the gain of the microchannel plafdCP) detector. The
built around thetitanium-sapphirelaser gain medium tech- ion spectrometer is equipped with thrée-90% high trans-
nology. A self-mode locked oscillator delivers 27-fs laserparency grids that give a°=73% total ion transmission.
pulses with a wavelength spectrum centered &800 nm. The MCP detector efficiency is given from the GALILEO
The amplification is based on the chirp-pulse amplificationcompany data worksheets and is estimated tayle 50%
technique[23]: the input laser pulses are stretched to a dufor 2.5 keV impinging ions. This number is not too far from
ration 7=300 ps before their injection in the regenerativethe open area ratio of the detector, which is 63% and pre-

A. Laser system and beam profile
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FIG. 1. Calculated singly charged ion number per laser shot for
a reference pressuge=10"° Torr as a function of the peak laser
intensity for linearly polarized laser light using tite-) PPT and
(- --) ADK ionization rates for@ helium, (b) molecular nitrogen,
and (c) acetylene.

FIG. 3. Experimentalsquares, B’ ; up triangles, N?* ; and
circles, N"+N*,N,2*) and calculated average ion numbers per
laser shot for a reference pressp,)=10"° Torr as a function
of the peak laser intensity for linearly polarized laser light. The
model predictions are represented by the full cui#e for single
As a consequence, the overall ionization and the dotted curve {-) for sequential double ioniza-
tion. The experimental total contribution of double ionization is
represented by the sun®( of the detected I dications and N

sents an accuracy aof 20%.

ion detection efficiency isy=T>74=36%. Finally, the av-

erage detector gain is ca]@raﬁed from single—ion signals. ions from the N +N*+Eyere channels with 5.6 e¥Ey o
In these experiments it is important to detect only a few_ 116 eV

ions so that the detector response remains linear as a function '

5 e e e of the number of impinging ions. The gas pressure is ad-
| justed in order to detect no more than 10 ions per laser shot
He || and is varied from 10° Torr in the 13°> W/cn? laser inten-
\ ..... N, sity range to 10° Torr in the 1% W/cn? intensity range.
---CH H For each laser intensity, the ion signal is averaged over more
than 20000 laser shots in order to get rid of the detector
s . fluctuations. The ion yields in Figs. 1-7 are presented for a
reference pressure of 18 Torr. This pressure is the real gas
30 pressure inside the vacuum chamber, and takes into account
\ the corrective factors of the ionization gauge applied for each
AR 1 gas species.
W The ion-ion fragmentation channels are identified using
2 D \ the covariance mapping techniq{@2], and an example is

. given in our previous paper for the'N-N* fragmentation
N\t ] channel with the associated kinetic-energy release spectrum
\ [4]. Moreover, this technique is used extensively in our labo-
NG ratory for the overall fragmentation identification of mol-
N ] ecules in strong laser fields, and consequently is not de-
T scribed in this paper[27]. Concerning the different
e o T I fragmentation channels, th N+N+2 eV channel is also
10" 10" 10" detected in the experiments. Indeed the presence in the time-
of-flight spectra of N* ions that are not correlated to any
Laser intensity (W/cm®) other ion signals is the signature of the existence of this
FIG. 2. Adiabaticity parametey as a function of the laser in- dissociation pathway. However, this channel branching ratio
tensity for(—) helium, ( . ) molecular nitrogen, and—(—) acety- is very weak in comparison with the WI— NJr branching
lene. The laser polarization is linear. ratio because the N +N fragmentation threshold(N?"

Adiabaticity parameter y
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FIG. 4. Experimentalsquares, C@' ; up triangles: C&*"; FIG. 5. Experimenta(squares, CQ" and circles, C&#*) and

and circles, O +CO*,C0O,*") and calculated average ion numbers calculated average ion numbers per laser shot for a reference pres-
per laser shot for a reference pressp(€0,)=10"° Torr as a  surep(CO,)=10° Torr as a function of the peak laser intensity
function of the peak laser intensity for linearly polarized laser light.for circularly polarized laser light. The model predictions are rep-
The model predictions are represented by the full curvg for  resented by the full curvé—) for single ionization and the dotted
single ionization and the dotted curve:() for sequential double curve (- - -) for sequential double ionization.

ionization. The experimental total contribution of double ionization
is represented by by the sur@] of the detected Cg" dications
and O ions from the O +CO" + Ejneic Channels with 3.6 eV
SEKinetic$6-8 ev.

+N) is higher than the N-+N* fragmentation thres-
hold E(N"+N™) following E(N?*+N)—E(N*+N")
=15.07 eV.

I1l. SEQUENTIAL IONIZATION IN STRONG
LASER FIELDS

A. Atomic single-ionization rates

The photon energy at=800 nmisE,=1.55 eV and 11
and 18 photons are at least necessary to ionize, respectively,
N, and N,* . As a consequence, the lowest-order perturba-
tion theory is unpractical for the computation of ionization
rates. In addition, this approach does not take into account }
the quivering energy of the departing electron in the laser / o ; = CH"'
field, which is U,=6.0 eV at1=10" W/cn? and \ ; 22
=800 nm in linear polarization. The tunneling theories de- 10°E . e CH™
veloped by Russian physicists in the 1960s constitute an al- : ! t 22
ternative approacfs,7]. The most commonly used theory is 10 e e
the Ammosov-Delone-Kaino/ADK) approach, which is
valid when the adiabaticity parameteris lower than 1[8].
The paramet_eiy is the ratio b_etw_een the tunneling time and g 6. Experimentalsquares, gH," and circles, GH,2*) and
the laser optical period, and is given by w\/fp”:v where  calculated average ion numbers per laser shot for a reference pres-
o andF are, respectively, the laser’s angular frequency an@urep(C,H,)=10"° Torr as a function of the peak laser intensity
electric field, and , is the ionization potentigl6]. Atomic  for linearly polarized laser light. The model predictions are repre-
units (a.u) are used in this section. The ADK model repre- sented by the full curvé—) for single ionization and the dotted
sents the limit whery— 0 of the theory proposed by Perelo- curve (- - -) for sequential double ionization.

<lon number per laser shot>

16

10™ 10" 10
Peak laser intensity ( Wem™ )
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mov, Terent'ev, and Popo(PPT), which is valid for arbi- 10° ——r —r—rrrr —rrry
trary v values[7]. In fact, the ADK ionization rate given by ; /
Eqg. (1) in Ref.[8] is deriveddirectly from the PPT ionization 10" E -
rate using ay=0 adiabaticity parameter. The comparison
between the ADK and PPT predictions will be commented , 10°E >
on in more detail in Sec. IV A, 9 Jp
The PPT model was developed using the Green-function ¢ 10" o
formalism for levels bound by short-range forces and cor- § o
rected for the long-range Coulomb interaction in order to be 4 10? ;.-°
applied to the neutral and charged atoms ionization processes -3 .
[28] . In this paper we use the rates given in RgT$28] with E 10° / >
the modifications described below. In the dipole coupling g / .?
approximation, the ionization rates are established for elec- g 10" o
tric fields F(t) with constant amplitudé& following: % . / :.‘
10 g E
F(t)=F[coq wt)x+ & sin( wt)y], ) = CH,
10-6 E v 2+
i / N ¢ C2H2
where w and ¢ are, respectively, the electric-field angular 107 e e
frequency and ellipticity £=0 for linear polarization and 10" 10" 10" 10"
e=*1 for left and right circular polarizations Peak laser intensity (W/cm®)

For instance, the ionization rate, ,,(F,w,e=0) for the
ionization of an atom or ion by a linearly polarized laser light
is

FIG. 7. Experimentalsquares, ¢gH," and circles, GH,?*) and
calculated average ion numbers per laser shot for a reference pres-
surep(C,H,)=10"° Torr as a function of the peak laser intensity
for circularly polarized laser light. The model predictions are rep-
resented by the full curvé—) for single ionization and the dotted

W/m(F,@,e=0) curve (- - -) for sequential double ionization.

6 1/2
= (_) (3)2v—\m\—3/2|EK||CK/|2 B. Molecular single-ionization rates
T

The calculation of the ionization rate given in E) is
» (2/+1)(/+|m|)! [2F,\2Im=s2 based on the asymptotic behavior of the wave function
2 (|mN)1 (7 —|m[)1 | 3F U m(r, 9, @) whenkr>1, wherer is the radial coordinate

2\ (Iml/2)+(3/4) of the electron:
X(1+y9) Am(®,7)

wl(/m(r!ﬂlgo)NCK/Kslz(Kr)V_leXF(_ Kr)Y/m(’a,qD).
4

2F,
xXexp — z=9u(y) |- 3
In principle, the computation o€, requires the exact solu-
tion of the Schrdinger equation. Ammosoet al. give an

In Eqg. (3), 7 andm represent the orbital and magnetic quan_approximg\tion of *this coefficient in the forniC,|?
tum numbers of the bound electron, and the momenium =|Cunx+|* wheren*=v and/*=v—1 [8].

and effective principal quantum numberare defined from In the molecular case, the electronic potential is no more
the electron binding energyE, following E,=—x?/2 centrosymmetric. In the case of linear molecules, the electron
K K

— —72/(2v?), where Z is the charge of the remaining core, Wave function exhibits only one good quantum numher
The ratioF . /F plays a determinant role, whefe = «° is which is the projection of the orbital momentum along the
the electric field experienced by the electron in its boundntérnuclear axis in the molecular frantslol). The corre-
state. The factoA,(w,7) is given in Eq.(56) of Ref.[7].  sPonding state vectof\)yo can be projected on the
This factor takes into account the multiphoton absorption ofPherical-harmonics vector bagiS\ )y following:

the energy and in particular the fact that the minimal number

of absorbgd photons ha}s to overcome thg qL!ivering energy of IN) ol = > |/ N o X (/N
the departing electron in addition to its binding energy. The /

function g, () as well as the ionization rates in circular o .
polarizations = =1 are given in Ref[7]. Finally the ioniza-  Since the calculation is performed in the laboratory frame

tion rate given in Eq(3) takes into account the Coulomb (Lab) relative to the laser field properties, the state vector has
correction which introduces a factd(2F ./F)C(y,e)]%”, !0 be expressed in this frame,
whereC(y,e) is a function of the adiabaticity parametgr

and laser ellipiticitys, and is equal to 1 in linear polarization IN) Lab :2 |/m), bD(/)(Q)</)\|)\>M | (6)
[28]. o m T REm o

M) Mol - (5
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WhereDfﬁ/Q(Q) is the matrix element of th®() represen- tion in time is performed with a Gaussian envelog)

tation of S@3) in the spherical-harmonics vector basis andwhich corresponds to a pulse duration of 5@ftdl-width at

Q represents the Euler angles between the molecular arfthlf maximum relative to the laser intensity.

laboratory frames. The populations obtained at the end of the laser pulse
In order to apply the atomic formalism, we assume thafrom Eq. (10) are convoluted to the spatial laser intensity

the molecular radial wave functiofr|«)ye=(r|x).ap be-  distribution given in Eq.(1). Since the populationsi(t

haves like the atomic one as in Ed), since the wave func- =) are computed as functions of the laser fi€ldit is

tion is essentially Coulombic wherr>1. In addition, the easier to compute the total ion numbéy following:

molecular ionization rate has to be averaged over all the

directions of the molecular frame  following Fo

[dQ ¢ 9%, /(87?) using the Green formalism of Perelo- Nz:Pj0 nz(t=c0)dv(F), (11)

mov et al. [7]. Due to the orthogonality properties of the

() , A i
D“f"m' matr|c?s,hthe mo'.eC‘."af IOmza‘uon rate iexpressed a\?Vherep is the gas density; is the maximum laser electric
%chv(;t.lon of the atomic ionization rates, m(F,w.z) as field in the interaction volume, andb (F) is the spatial vol-

ume where the field strength is in betweEnand F+dF.
Following the relationship between the laser intensity and

KN Mwal2. (7)  laser electric field =eocF?(1+&2)/2 and Eq.(1), the vol-
umedv (f) whereF/Fye[f,f+df] is given by

. WK/m(Flwis)
WKA(F,w,S)—;n /11

In our experiments, the ratiB,/F is always larger than 10 5 12
for laser intensities below the ionization saturation laser in- do(f)==v (__1)
tensities. As a result only thex=0 component contributes 3701 f2
noticeably to the ionization rate,, (F,»,e) because of the

(2F,/3F) "M factor in Eq.(3). This |m| dependence also wherev,=7w2zy/M? is the elementary focal volume fol-
occurs in circular polarizatiors=*+1. Keeping only the lowing the definitions given in Sec. Il A. The measured laser
term with m=0 in Eq. (7), the molecular ionization rate beam parameters given in Sec. Il A as well the gas density
W, (F,w,e) can be expressed from the atomic ionizationcorresponding to a gas pressup=10"° Torr at T

1

7 +2 (12

Tl

rate w,.,m(F, w,¢) replacing the factofC,,|[(2/+1)(# =298 K are introduced in the calculations. Finally only the
+_|m|)!]/[2|m|_(|m|)!(/—|m|)!] with the molecular coeffi- 7=0,1,2 populations are calculated and compared to the ex-
cient|C,,|* given by perimental results.

|Cm|2=2 Ce 12NN ol (®) IV. RESULTS

A. Introduction to the experimental and calculated ion yields
For instance, in linear polarizatiore €0), the molecular

single-ionization rate is The measured ion yields are presented in Figs. 1-7,

where the experimental data are compared with the calcu-

12 lated ion yields from the sequential ionization model. The
W, (F,0,e=0)= —) (3)273E, || C |2 ion yields are plotted in log-log coordinates as a function of
m the peak laser intensity, because of the nonlinear nature of
F \2v—32 the molecular response. The experimental and calculated ion
X 3_FK) (1+ 2% (w,7) y;/ezlds exhibit the well-known saturation knee, and follow the

I5 < intensity law above the saturation intensity. This behav-
2F, ior comes from the Gaussian geometry of the laser intensity
Xexr{ - 3—F9L(7)}- (9 reported in Eq(1). When the peak laser intensity is much
larger than the saturation intenslty, the number of detected
o ) S ions N can be approximated by
C. Kinetic model for the sequential multiple ionization
Since the laser electric field is a pulsed field, the electric szJ"Odv“) (13)
field amplitudeF in Eqg. (2) is replaced by a time-dependent s ’
field amplitudeFg(t), whereF is the maximum amplitude

andg(t) is the temporal envelope. The temporal evolutionyyhere dy (1) is the volume where the laser intensity is in
for the populatiom; of ion species of chargg is given by petween andl +dI, andp is the gas density. This intensity
distribution is linked to the field distribution given in Eq.

dng, 4 . .
G = WzeieZNzmWaizo zealzen, (100 (12 and the above equation gives
here the ionization rat iven in th d o 2 o|
where the ionization ratesz ., are given in the preced- N=poo W 2 —1||~Z (pvo)| 2] | (14)
ing section as a function &f=Fg(t),w, ande. The integra- I's 9 s
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whereuv is the elementary focal volume defined in E2). TABLE I. Corrective molecular coefficient,, /Cpx /+|? in-
The |g/2 intensity law appears from the leading term of thetroduced in the ionization rates. See text for thgHE molecular
function W(x) for 1,>1. The exact form of this function is corrective coefficient interpretation.

2 4 4 Molecule |Cor /Cps |2
W(x) = =x¥2+ —x¥2—— tan }(x'?). 15
=3 3 3 (x79) (15 N, 05
o CGo, 0.3
The molecular ionization rates present one unknown pa- C,H, 0.14
rameterC,, defined in Eq(8). TheC, , atomic factor can be C.H, 0.08

calculated from quantum defect theory using the wave-
function normalization constants given by Greenal.[29],

potential. Following the ADK approximation, these two spe-

vi_a\n—/—-1
C. = 2(=1) . (16  cies will have very closéC,« |2 coefficients. However,
14 d_:“ W (v+/+ 1T (v—7) this coefficient has to depend on the asymptotic behavior of
dv : ’ the electronic wave function. To our knowledge, hydrogen

and oxygen atoms do not exhibit similar wave functions due

The energy of the bound electronE,=—«%2 to their respective 4 monoelectronic character in hydrogen
=—Z2/(2v?), is a function of the quantum defeatdefined  and 20* multielectronic character in oxygen.
by v=n—pu. For u=0, Eq.(16) gives the usual asymptotic Finally, the PPT model is compared to the more widely
behavior of the hydrogenic wave functions. For complex at-used ADK model in Fig. 8, which represents the ion yields
oms, Ammosowet al. give an approximation of this coeffi- for He, N,, and GH, using the PPT and ADK ionization
cient following [8] rates. In both cases, the ADK paramet@@s. «|2 are used.

As expected from the validity of the ADK model, the dis-

agreement between the two models predictions is more pro-

nounced for species with lower ionization potentials such as
17 C,H, [Ip(CZH2)=11.4 eV] in 'co'mp.arison with helium

[1p(He)=24.6 eV]. This behavior is linked to the value of
wheren* =v and/* = v—1. the y parameter, which is plotted in Fig. 9. For helium, the

The molecular behavior is introduced with the coefficientsionization takes place above fOW/cn¥, where they pa-

[{ZX|\)mall? in Eq. (8) for the |C,,|? molecular coefficient.
These quantities depend on molecular orbitals and can be 10% €
computed only fromab initio wave-function calculations.
The method chosen in this paper is to introduce the ADK 10"
atomic coefficientC,« .« |2 in the ionization rates of the neu- F
tral and singly charged molecules, with the corresponding
ionization potentials. Then a corrective factor is applied to
these coefficients in order to get the experimental singly
charged ion yields above the laser saturation intensity. Fol-
lowing the previous notations, this coefficient is equal to
|C,n /Ch o« |. For each molecular species, the same coeffi-
cient is introduced in the ionization rates of neutral and sin-
gly charged molecules in order to use only one parameter,
and remains unchanged in linear and circular polarization
since it depends only on the asymptotic behavior of the elec-
tronic wave function. Its significance is linked to the molecu-

*

22n

CK 2= C * /% 2= ’
| /| | n*/ | n*r(n*+/*+1)r(n*_/*)

(1]

10;

<lon number per laser shot>

lar behavior in comparison with the atomic one and will be 10° E o ) C.H'
commented in the next section after the presentation of the <f e N DL
experimental results. Table | gives these corrective molecular 10°¢ w e CHX|}
coefficients for N, CO,, GH,, and GH,. This correction F S e 3 .4.
procedure is chosen because of the widely used ADK 101013 Jpen 10 10

|Ch +|? coefficients for atoms. However, this coefficient
remains an approximation. For instance, for atomic hydrogen

in its 1s ground state, the ADK approximation ¢CK/_|2 FIG. 8. Experimentalsquares, gH,” and circles, GH,%") and

= |Cn:1,/:o.|2:_4 iS [Cryx =1, 0| >=4.70 from Eq.(20) in calculated average ion numbers per laser shot for a reference pres-
Ref. [8] taking into account a typographical error , while a syrep(C,H,)=10"° Torr as a function of the peak laser intensity
better approximation of Eq.(17) gives |Cu«—1,+-0/>  for linearly polarized laser light. The model predictions are repre-
=4.17. Now let us consider the oxygen atom that exhibits agented by the full curvé—) for single ionization and the dotted
ionization potential 13.6 eV close the hydrogen ionizationcurve (- --) for sequential double ionization.

Peak laser intensity (W/cm®)
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10° g maximum at 7.6 eV. It was concluded that these ion species
F belong to two different decay channels of thHé&,?"
10" E +2e~ ] complex after the laser excitation following
. 10" ; [N,2"+2e ]—=N,2"+2e" N"+N"+2e". (18)
2 E
@ 107
§ In Fig. 1 the total contribution of the molecular double ion-
2 102 ization is the sum of the ' and N" ion yields, where the
g N* ions belong to the N+ N*+ Exinetic (5.6 €V=<Einetic
% 10°k <11.6 eV) channels identified from the ion-ion correlation
'E : . 3 technique. Using a molecular corrective factor
2 10k ; ] |C o /Chx »+|?=0.5, the PPT model gives a better agreement
5 F than the ADK model for the N ion yield, since all the
v 10° | ! - measured ion yields lie on the PPT calculated cusee Fig.
| = CH" | 8 for a comparison of ADK and PPT rajeMoreover, using
10° ; 3 42+ ] the same corrective coefficient, the saturation intensity of the
! e CH ™ ] (N,2" ,N*+N™) contribution is well reproduced.
7 Ll ] Below the saturation intensity, the sequential model can-

10" 10" 10" 10" not reproduce the ion yields from the double-ionization de-
Peak laser intensity (W/cm?) cay channels. As in the case of atoms, this is a clear signature
of nonsequential double ionization below the saturation in-
FIG. 9. Experimentalsquares, gH,* and circles, GH,2") and  tensity of the single-ionization process. Since thg Nde-
calculated average ion numbers per laser shot for a reference pretected dications are produced at short internuclear distance,
surep(CsH,)=10"° Torr as a function of the peak laser intensity where covalent forces are effective, the double-ionization
for circularly polarized laser light. The model predictions are rep-process is a vertical Franck-Condon excitatigh Another
resented by the full curvé—) for single ionization and the dotted example of this behavior will be given for the G@olecule.
curve (- -) for sequential double ionization. Experiments were not performed using circular polarization
because the M* signal occurs at the same time of flight as
rameter remains close or smaller than 1. On the contrary fothe N* ions ejected perpendicularly to the spectrometer axis.

N, and GH,, the ionization takes place below*fOW/cn?,  |n this case, it is not possible to separate th&Ncontribu-
where they parameter is significantly larger than 1. In this tion from the N* contribution.

intensity range, the ADK model is no more valid. Even for
helium, the disagreement between the PPT and ADK rates
increases at lower laser intensities as it is expected. At laser C. CO,

intensities above saturatlo'n, the PPT ion y.|eldls are hlgher Figure 2 represents the GQesults recorded using lin-
than the ADK rates, especially when the ionization potential . ; ) )
ets lower. This is due to the laser intensity distributione.arly _polanzed laser light. The molecular cqrrecnve coefﬂ-
g cient is|C,, /Cnx «|?>=0.3. The agreement with the experi-

within the focal volume. Indeed, since the PPT rates ar€

higher than the ADK rates at low laser intensity, the exten-mental data is less satisfactory than in thg base. In

sion of the focal volume will contribute to the total ion yield particular, below_ the _CQ laser saturation intensity, the
more significantly in the PPT model. In the following sec- measured C@ion .y|ellds. are smallgr than th(i caleu-
tions, the measured ion yields are compared only to the PPited ones. The ionization potentiall ,(CO, *: X?I1
calculated ion yields for the sake of clarity in Figs. 1—7.HC02:X125)=13.77 eV, corresponds to the ionization
Moreover, the validity of the PPT model was clearly estab-process leading to th¥?I1, electronic ground state of the
lished for rare-gas atoms by Larochedeal. [11]. CO," ion. lonization leading to excited states of £€Q for
instance A%1, or B2?S., involves higher ionization
B. N, potentials | ,(CO," :A?Il,«—CO,:X'5;)=17.30 eV and
Some of the N results have been presented in a previoud ,(CO," :B?S ; — C0,:X'3 ;) =18.06 eV. Following Eq.
paper in comparison with an atomiclike ADK sequential- (3), higher ionization potentials will lower the ionization rate
ionization model[4]. Figure 1 represents the,N, N,2*, because of the exponential factor px@F,g, (y)/3F], where
and the sum of the " and N" ion yields in comparison F,=«3=(2l,)*2 Consequently, the differences observed in
with the tunneling model predictions presented in this paperFig. 2 between the C0 measured and calculated ion yields
In Ref. [4], it was shown that the detected,™N ions and might be the signature of final excited states of the,CO
N +N* + Egineic fragmentation channels follow the same ion. However, since the exact contribution of these states is
laser intensity dependence for different kinetic energy renot known, no trials were undertaken to introduce their en-
leasesEineic. The kinetic-energy release spectrum of theergies in the calculation. As in the,Nase, the Cg* and
N*+N* channels takes place in the 5-13-eV range with 20"+ CO™" double-ionization decay channels follow the same
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laser intensity dependence at low intensity because they D. CyH,
come from the same complg¢xO,%2* +2e"] as in the fol-

lowing: Figure 4 presents the measured and calculated ions yields

for the GH, molecule in linear polarization. The saturation
[C022++2€_]—>C022++2€_,O++CO++2€_. knees Of QHZJr atIS(C2H2+)~1014 W/0m2 and QHZZJr at
(19) I(CoH,2T)~3x 10" W/cn? are well reproduced by the
sequential calculation for a molecular corrective factor 0.14.

Above saturation, the total contribution of these decay chanl he overall GH,™ experimental data are in good agreement
nels is not reproduced by the calculation using the samith the PPT model. For the @," ion, three laser inten-
molecular corrective coefficient as for the neutral d6n-  Sity ranges bounded byl(C,H,")~10" W/en? and
ization. However, although the sequential ionization models(CzHz>")~3x10'* W/cn?* appear in Fig. 4. Forl
overestimates the double-ionization signals, the measured!s(CzH.""), the double ionization is sequential since the
ion yields are several orders of magnitude larger than théata are reproduced by the calculation. FgiC,H,")<I
predicted ones at low laser intensities. As in thedsise, this ~ <!s(C2Hz°"), an increasing disagreement is observed when

fact is a clear signature of nonsequential double ionization,the laser intensity is decreased. In this laser intensity range,
nonsequential double ionization begins to be effective. Fi-

CO,+laser—~[CO2* +2e7]. (20) nally for I <14(C,H,™), the disagreement is a clear signature
of nonsequential double ionization. A saturation knee ap-

2+ ; ; +
For laser intensities above the gOsaturation intensity, the pears for GH,™" ions at the same intensitys(C,H,")

~ 1014 2+ ;
double ionization is sequential because only,C@ns oc- d.lolt dW/glmz_ as fotr_ CQH]E |(:ns|. Tr:e relason tIS ﬂ,:at tr;eth
cupy the laser focal volume. In this intensity range, the Iréct doubl€ 1onization Of neutral molecules saturates at the

CO2* ion yield does not follow theg’z saturation law. This the same intensity as the single ionization, because there are

) S . - ._no more neutral species in the interaction volume.
might be due to further ionization and/or dissociation of this h lecular i ields in the i di .
ion by the laser field. On the contrary, thg saturation law The molecular ion yields in the intermediate region,
is ob d for th b+CO+ h II, intensity d I(CH, M) <I<14(C,H,%"), exhibit a similar behavior as in
IS observed for the channe’ laser INtensity depen- aomic helium10], but with a much less observable passage
dence, which is not represented in Fig. 2 for sake of clarity

; ) : ; from the nonsequential regime to the sequential regime. In
Concerning the discrepancy with the calculations above th?ne helium case, the saturation knees for the single and non-

_sat_uraf[t_mn 'nf[eni't)l' V]Y?:ere _s[[ng:je |or(1j|z_att|ﬁn IS ?ﬁipt've'tthesequential double ionizations of neutral atoms appear clearly
lonization potential o @" introduced in the ionization rate .o re the saturation knee of the ionization of singly charged
is1,(CO,")=22.4 eV, and the observed difference between o+ jons The two separated well-defined knees of th&"He

the experimental_ an_d c_alculated ion yields might be due Qon yields are due to the fact that the laser intensity has to be
the fact that the ionization of CO produces excited states increased significantly to ionize the Heon. In the GH,

qf ltheﬁc% Lcorgglix.\l/n thl(sj Chase’ the |.on|zat|or.1 ploten- case, the ionization potential of,8," ions is 20.3 eV and is
tlaF|§ 9 ;rt an ; .the »andt ZIOH(IjzatI?n Ira}{tedls °W?f|- uch lower than the 54.4-eV ionization potential of He
Igure S presents the measured and caicuiated lon yie onsequently, the saturation intensities of the single ioniza-

in circular polarization. Above the saturation intensity of the.; :

) . X ) tions of the neutral and singly charged molecule are closer
CO," ion species, the CO ion yields are well-reproduced gy g
X S . . "Lerved with N and CQ, basically for the same reasons.
linear polarization. This feature is expected from our model, Two missing electron fragmentation channels such as
since the corrective factor depends only on the molecula|'_|++C2H+ or CH' +CH" are not detected. Indeed the good

orbitals, and is independent of the laser polarization Stateagreement between the detecteHg2* dication ion yields

. N ) i
Below the_CQ . saturaﬂpn mte_nsny, the quel _overesn- and the results of the calculation above the saturation laser
”.‘ates the ion y|eld_s. AS In the linear case, this might be th(':rntensity IS(C2H22+) gives another indication that these
S|gnature| th‘ﬁ.’lt E{Ee :conlganon tm; netutrafl gglet::utlesl doe; noEhannels play a minor role, since the calculation includes all
occur only via the fuhdamental sate o utaisovia - he decay channels from the single ionization gHg" ions.

excited states of the ion. For the double-ionization channels.rhe circular polarization results are presented in Fig. 5. Us-
only the CQ?" ion yields are reported because it is difficult ing the same molecular corrective factor as in linear polar-

to separate i+n the time-of-_flight spec_tr_um t_he qontribution Ofization, a relative good agreement is obtained only for
the OHTCO channels W'th a .splecmedl k[netlc energy re- C,H,™ ions. Unlike the linear case, the calculation overesti-
lease, since the fragmentation is isotropic in the plane of thﬂwates the gH,2* ion yields above saturation. Below satu
. . . . 2 . =
_cwcularly polarized Iaser_hght_. Above th_e 96 saturation —aion  the crossing of the calculated and experimental
intensity, the calculated ion yields are five times larger tha H 2+ ion-yield curves might be an indication for nonse
2+ i ; ; 22 - -
the CQ" yields. T.h's large difference comes from the fact uential ionization in circular polarization, but with a much
that the fragmentation channels are not taken into account ss pronounced behavior than in linear polarization
in the linear case, while the calculation concerns all the '
double-ionization decay channels. Below the saturation in-
tensity, the signature of nonsequential double-ionization re-
mains difficult to assign, since the measured ion yields re- The analysis of Fig. 6 and Fig. 7 gives the same conclu-
main below the predicted sequential ion yields. sions as for the other molecules. In linear polarization, the

E. CsH,
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C,;H,%" ion yields exhibit a single saturation knee because of/alues, which decrease &sincreases. For instance, for pure
the low ionization potential)| p(c:3H4+)= 18 eV, of the hydrogenic wave functions wherec=2Z/n, the ratio
CsH,* ion. Consequently, the intermediate region from non-|C.//C. ,+1|* is given by

sequential to sequential behaviors does not appear, as in the C 12 nes41

helium casg10]. In addition, the slight fluctuations of the K/ ‘ _nrs _
measured ion yields around the calculated curve above satu- Curt 1‘ n—/-1
ration might indicate the presence of resonances. In circular

polarization, Eh_e agreement is obtained gnly for th(=T singlySince the atomidC,,| and the associated ADKC, +|
charged GH," ions. Although the calculation overestimates coefficients involve the lowest possiblé value, they are

the GH,*" ion yields, the overall parallelism of the experi- larger than the moleculdC,,| coefficient. This does not
mental and calculated curves show that the double ionizatiohean that molecules are harder to ionize than atoms, because

(21)

is dominated by sequential processes. . the main contribution in the ionization rate comes from the
In the time-of-flight spectra, £ and GH,*" ions are  momentumx associated with the ionization potentiil,
also detected with a weaker contribution than thel" and = —x%/2. For instance, molecules such as & C,H,

C3H42+ ions. These ions come from fragmentation channeldave lower ionization potentials than atoms such as He, Ne,
involving hydrogen atoms and protons. For instanceor Ar. Consequently, the corresponding molecular ionization
C;H,2*" dications might come from a proton loss from rates are higher than the atomic ionization rates.

C3Hs ™, and also from a hydrogen atom loss fromgHgz? " For the simplest investigated moleculg,Nhe corrective
dications that appear very weakly in the time-of-flight spec-coefficient is|C,, /Cyx .+ |?=0.5. Following the above dis-
tra. Due to the complicated dynamics for these ions produceussion, théC,, | is aroundy2 smaller for the N 3o, out-
tion, they are not taken into account for a first approach ofermost orbital than for an ADK atomic orbital. This result is
double ionization of gH,. Consequently, the molecular cor- in good agreement with the results of Liaegal., who found
rective coefficient reported in Table | has a weaker meaninghat the A ion yields are larger than the,N ion yields
than for other molecules, where the double-ionization frag{30]. The choice of the atomic argon for the comparison was

mentation channels were clearly identified. due to the close ionization potentials of Ail,(Ar)
=15.75 eV, and M,1,(N;)=15.58 eV. The decrease of
V. DISCUSSION the corrective coefficient in Table | as a function of the in-

) . o . vestigated molecules might be due to several effects. The

In this section the validity of the molecular single- first one has to be associated to the molecular electronic con-
ionization rates is discussed in comparison with the eXpe”figuration. In N,, the outer shell is built withr, electrons,
mental data. The comparison applies to the ionization of neuynile other molecular species involve electrons. In a re-
tral molecules, and to the ionization of single charged.ent work of Guoet al, the O, ionization rates were found
molecules in the laser intensity range where nonsequentiglery weak in comparison with the atomic xenon ionization
double.|on!zat|0r? iSs no more eﬁectlve., i.e., above the |as‘?Fates[31]. Considering the comparisons of, respectively, N
saturation intensity of the neutral species. The nonsequentigl,q Ar, and @ and Xe, these authors concluded that elec-
double-ionization results are compared with the predictiong,onic structure plays a significant role in tunnel ionization.
of the rescattering model in order to emphasize the need fquowever, unlike @, the molecules reported in Table | ex-
a full quantum approach of this process. hibit closed-shell electronic structures as rare-gas atoms. An-
other reason for the decrease of the corrective coefficient
might be linked to the size of the molecule. The molecular
electronic wave function is increasingly different from an

A reasonable agreement is obtained between the meatomic wave function, and tH€, |2 development in Eq8)
sured singly charged molecules ion yields and the modehvolves higher” values as the molecular size increases. The
predictions developed in Sec. lll. The molecular correctivemolecular corrective coefficient reported foshL,; in Table |
coefficients are given in Table | from the experimental meais a less accurate value than for other molecules, since the
surements, and find their origin in E(B). These corrective fragmentation channels involving;8;" and GH,?" are
coefficients are smaller than 1, and decrease as the sizes mdt taken into account. The effective coefficient is thus ex-
the molecules increase. Let us emphasize that this an expepected to be larger and might be closer to th¢iCcoeffi-
mental conclusion which has to be considered in the frame aofient.
the chosen ionization model developed in Sec. Il B. In par- Finally, the molecular reorientation is not taken into ac-
ticular, the molecular ionization rates are obtained using aount in this discussion. In Sec. Ill B, the ionization rate is
atomic pointlike radial dependence of the electronic wavecalculated assuming an isotropic molecular distribution. In
function at larger, $graq.(r)~«¥4«xr)”~*exp(=«r), but  our opinion, this problem remains to be investigated in more
with a molecular angular dependence to take into account theetail, but is not straighforward since different molecular ori-
fact that the atomic orbital quantum numbeiis no longer a  entations can contribute to the total ion signal at different
good quantum number for molecules. This angular depentimes during the laser pulse. Consequently, a theoretical ap-
dence introduces the anisotropy of the molecular field. In Egproach including the electronandnuclear dynamics in trac-
(8), the C,, coefficient is built with different atomicC,,  table analytical ionization rates is still missing. Nevertheless,

A. Single ionization of neutral molecules
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the contribution of reorientation processes might be included 10°
in the experimental molecular corrective coefficients given in i
Table I.
107 |
B. Single ionization of singly charged molecules : o

The same corrective coefficients were applied to the ion-
ization rates of neutral and singly charged molecules in order
to introduce only one parameter per molecule. This approxi-
mation can be justified by the fact that the outermost
orbitals of the neutral and singly charged molecular
electronic ground states exhibit the same symmetries
for N,, CO,, CH,, and GH,. For instance, they are F
...1m} 305 and ...%m, 30y in, respectively, N and i /
N,*,and ... %y 1mgand ... %r, 1w in, respectively,

CO, and CQ". In linear polarization, the agreement with
the experimental data is good fop NC,H,, and GH,, in the
laser intensity range where the sequential ionization is effec-
tive, i.e., above the saturation intensity of the neutral species. 107° i o e
In all other cases except for GQn circular polarization, the 10 10" 10" 10
disagreement does not exceed a factor of 2. Finally, the CO Peak laser intensity (W/cm®)
disagreement in circular polarization come from the fact that

the O" +CO" contribution is not taken into account in the _ FIG. 10. Experimental@) and calculated—) ion signal ratios
comparison with the predictions of the calculation. [szf]/[N;] ag a function of the peak laser intensity for linearly

These results show that tHE,,|? coefficients are not Polarized laser light.

very different for neutral and singly charged molecules, alor 5 fixed laser field, and where the rateg represent the
though the corresponding wave functions are not identicajonization fromi to j species. In particular, the unknowy,
because of the different electronic potentials of the neutrahonsequential double-ionization rate is included in the above
and singly charged molecules. In conclusion, for a bettekinetic equations. For a square temporal profile of the laser
understanding of single ionization of neutral and singlypulse, then,/n, ratio is given byn,/n;=w,o/w,, at the end
charged molecules, a detailed knowledge of the final statesf the laser interaction. As is expected, the ratign; is
of the ionization process is necessary as it is outlined fowery weak in the absence of nonsequential double ionization.
CO, in Sec. IVC. Electron spectroscopy might be quite Figure 10 represents the measuféd,® " ]/[N,"] ratio,
helpful for the determination of these states as well as for théncluding the total contribution of double ionization in com-
investigation of the correlated dynamics of the two electrongarison with the prediction of the sequential model. For laser
ejected at low laser intensities where nonsequential doublétensities below & 10" W/cn?, the contribution of non-
ionization plays a dominant role. sequential double ionization shows that the ratigy/wqq
does not vary significantly with the laser intensity. For laser
intensities above %10 W/cn?, the agreement with the
. o . ] sequential model is good since double ionization is essen-
Nonsequential double ionization was established using thgajly sequential in this intensity range. This type of compari-
comparison between the experimental data and a sequenti@ly no longer involves the unknow@,, coefficients and
ionization model. Another way is to consider_ the rati(_) b?'allows us to compare the laser intensity dependences,of
tween the detected prodL_JCts of _double-and smgle-lomzanoand W,o. However, the measured ion yields come from the
processe$10]. For laser intensities well below the single- (ota) distribution of the laser intensity within the focal vol-
ionization saturation intensity, the populationg, n;, and

n, of, respectively, the neutral species, singly, and doubly Tﬁe same comparisons are presented ft.an Figs. 11

[N,*]/[N,"] ratio

18

C. Nonsequential double-ionization rates

charged species follow the set of equations: and 12 for, respectively, linearly and circularly polarized la-
dng ser_light. For Iinear_ly polarized Iqser Iight, the ratigy/wqq
——=—(WyptW;9)ng=0, varies smoothly with the laser intensity and decreases for
dt lower laser intensities. For circularly polarized laser light,

the experimental curve crosses the sequential curve=4t
q X 10 W/cen?. As outlined in Sec. IV D, this might be the
%: — WaN1 + Wi gNg~ Wi o, (22) ;s;grgi;g:itgs c')lfonngekqnli)?/wei?jl double ionization in circular po_—
. ge, no simple analytical expres
sions ofw,y have been proposed in the literature for atoms
and molecules. Consequently, the results in Figs. 10 and 11
dng might be helpful for a tunneling model of nonsequential

—— =Wy Wogg~Wogg,
dt 211 Wado™Wadfo double ionization.
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FIG. 11. Experimental®) and calculated—) ion signal ratios
[C,H,2"]/[C,H,"] as a function of the peak laser intensity for
linearly polarized laser light.

D. Electron rescattering processes in nonsequential
double ionization

PHYSICAL REVIEW A62 023403

TABLE II. Experimental appearance laser intensity for the di-
cationl,(M2"), maximum electron return kinetic energy in linear
polarization 3.1L7Jp[la(M2+)], and ionization potential of the
singly charged moleculd p(MZJrHMJr) as functions of the
moleculeM.

MoleculeM  [,(M?%) 311 [1,(M?")] 1,(M2"—M™)

(Wienr) (eV) (ev)

N, 7x 108 13.3 27.1
Co, 5x 10 9.5 22.4
C,H, 2x108 3.8 20.3
C3H, 108 1.9 18.0

vicinity of the ion core. If the kinetic energy of the electron

exceeds the-2e scattering energy, then the ion can be col-
lisionaly ionized. This picture is very attractive since nonse-
guential double ionization is mainly observed in linearly po-
larized laser fields. Indeed for circularly polarized laser light,
the electron trajectory never returns to the vicinity of the ion
and the electron-ion interaction does not occur.

In a linearly polarized electric fielé(t) =XF cost), an
electron ejected by a tunneling process will oscillate with an
initial velocity v(ty)~0 at timety when it is freed from the
neutral molecule. The ponderomotive energy,
=q2F?/(4m.w?) is the average kinetic energy of the oscil-
lating electron. The maximum kinetic energy in a rescatter-
ing process with the ion core &,,,=3.17J, for an electron

The rescattering model was introduced by Corkum in or-ejected atwty=17° modulo 180°. Table Il reports these
der to explain a wide variety of strong fields effects, wheremaximum kinetic energies calculated at the appearance of
the first ionized electron oscillates in the intense laser fieldaser intensities at =800 nm for the different detected di-
[16]. According to this model, nonsequential double ioniza-cations. It is important to emphasize that these intensities are
tion is due to the return of the electron wave packet in thenot significant physical quantities, but are simply related to

0

10° F——r Ty
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FIG. 12. Experimental®) and calculated—) ion signal ratios
[C,H,2"]/[C,H,"] as a function of the peak laser intensity for
circularly polarized laser light.

the experimental method. In particular, they depend on the
acquisition time because of the probabilistic nature of double
ionization. In Table Il the maximum return kinetic energies
are smaller than the ionization potentials of singly charged
molecules and, consequently, a dire€e process cannot be
responsible for nonsequential ionization at low laser inten-
sity. However, in the case of Nand CQ, the rescattering
energies are sufficiently large to produce inelastic scattering
leading to excited ionic states. Since the ionization rates of
excited states are larger than the ionization rate of the fun-
damental state, inelastic scattering might be effective in mo-
lecular nonsequential double ionization. In the case g4.C
and GH,, the maximum rescattering energy remains in the
electron volt range. In this case, the rescattering picture is
more difficult to apply.

As outlined by Corkum, Watsoret al, and other re-
searchers, a full quantum approach is necessary to investi-
gate nonsequential double ionization of atoms and molecules
[16,2,14,15,21 In the molecular case, the one-dimensional
model of Pegarkoet al. developed for N is in good agree-
ment with the experimental data of this pap@d]. More-
over, the correlated behavior of the ejected electrons in the
atomic and molecular multiionization remains an important
issue in strong laser fields physics. In particular, we already
reported the nonsequential double ionization of,CQons
leading to the multifragmention of the system into three sin-
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gly charged atomic ions followinf27] ecules, and a relative good agreement is observed in laser
. P . B intensity ranges, where single-ionization processes take
CO," +laser-O"+C"+ 0" +2e". (23 place. Let us mention the case of the O@olecule, which

To our knowledge, there is not yet a thorough understanding©€S Not fit the predictions of the model, and consequently

of these processes that might play quite a significant role iﬁhows that the single ionizat_ion of molecules in_strong Ia_ser
molecular multiionization and multifragmentation. fields demands further experimental and theoretical contribu-

tions. Finally, the first theoretical efforts aimed at the nonse-

quential double ionization of molecules appeared quite re-

cently, and they constitute a promising challenge for the
Nonsequential double ionization of several molecules incomparison of the experimental and theoretical results.

strong laser fields has been unambiguously identified from

the ion-yield measurements in comparison with a sequential

ionization model. This'effect is pbserved mginly using lin- ACKNOWLEDGMENTS

early polarized laser light. In circular polarization, nonse-

guential double ionization might be present, for instance for The authors are pleased to acknowledge G. Vigneron

the GH, molecule, but with a much lower contribution than (CEA/SCM) for his expertise of the kHz titaniums-sapphire

in linear polarization. The validity of a single-ionization tun- laser system and M. Bougeard and E. Cag@EA/SPAM)
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