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Fragmentation of H2
¿ in strong 800-nm laser pulses: Initial-vibrational-state dependence

Bernold Feuerstein* and Uwe Thumm†

Department of Physics, Kansas State University, Manhattan, Kansas 66506
~Received 17 December 2002; published 15 April 2003!

The fragmentation of the H2
1 molecular ion in 25-fs, 800-nm laser pulses in the intensity range 0.05–0.5

P W/cm2 is investigated by means of wave-packet propagation calculations. We use a collinear reduced-
dimensionality model that represents both the nuclear and electronic motion by one degree of freedom includ-
ing non-Born-Oppenheimer couplings. In order to reproduce accurately the properties of the ‘‘real’’ three-
dimensional molecule, we introduce a modified ‘‘soft-core’’ Coulomb potential with a softening function that
depends on the internuclear distance. The analysis of the calculated flux of the outgoing wave packets allows
us to obtain fragmentation probabilities and kinetic-energy spectra. Our results show that the relative prob-
abilities for dissociation and Coulomb explosion depend critically on the initial vibrational state of the mo-
lecular ion.

DOI: 10.1103/PhysRevA.67.043405 PACS number~s!: 33.80.Rv, 33.90.1h, 42.50.Hz
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I. INTRODUCTION

This simplest molecule, the hydrogen molecular ion, is
fundamental interest in atomic and molecular physics. It c
stitutes a bound three-body Coulomb system which, in c
trast to its atomic counterparts, the negative hydrogen
and the helium atom, exhibits~if we neglect rotation! two
time scales, the fast electronic motion~as scale! and the vi-
brational motion of the nuclei@femtosecond~fs! scale#. The
interaction of this smallest molecule with strong fs las
pulses is of particular interest, since the pulse duration
comparable to the vibrational period~14 fs for H2

1 in the
vibrational ground state!. Further, from a theoretical point o
view, the simple structure of H2

1 allows for a numerical
solution of the time-dependent Schro¨dinger equation within
reduced dimensionality models by using, e.g., stand
Crank-Nicholson split-operator propagation techniqu
@1–7#.

Interacting with a strong, linearly polarized laser fie
H2

1 exhibits two fragmentation channels, dissociation

H2
11n\v→p1H, ~1!

and Coulomb explosion~CE!

H2
11n8\v→p1p1e2. ~2!

The fragmentation of H2
1 in strong laser fields has bee

considered in numerous theoretical investigations empha
ing the influence of the two-center nature of the electro
potential on strong-field ionization@3,4,8–15#. Here, the
laser-induced coupling of the lowest electronic states 1ssg
and 2psu results in a localization of the electron near one
the nuclei. The electron cloud oscillates between the nu
and gives rise to dissociation of the molecule and to ‘‘cha
resonance enhanced ionization’’~CREI! at intermediate inter-
nuclear distancesR between 5 and 10 a.u.@4,8,9#.

*Electronic address: feuerstb@mpi-hd.mpg.de
†Electronic address: thumm@phys.ksu.edu
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Experimentally, the situation is more challenging sin
mostly neutral H2 targets are available@16–22#, such that the
production and fragmentation of the molecular ion occur
the same laser pulse and are difficult to separate. It
shown that for 50-fs pulses, saturation of H2

1 is never
reached at any intensity@19#. Hence, there is a growing in
terest in molecular ions as targets which have been inve
gated in two recent experiments@23,24#. In this work, we
consider the vibrational-state dependence of the fragme
tion yields for the processes~1! and ~2!. The experimental
data of Posthumuset al. @19# show that there is competition
of dissociation and CREI for intensities around 1014 W/cm2.
We use wave-packet propagation calculations in a collin
231D ~one-dimensional! model to derive dissociation an
CE probabilities and the corresponding kinetic-energy sp
tra for the fragments.

This paper is structured as follows. First, in Sec. II, w
describe our theoretical model with emphasis on the effe
of the reduced dimensionality on the potential curves
H2

1. This section includes a discussion of the properties
the widely used ‘‘soft-core’’~SC! Coulomb potential@25# for
the electron-nucleus interaction~Sec. II A!. In Sec. II B, we
present an improved SC Coulomb potential which allows
exact reproduction of the 3D ground-state potential curve
H2

1. Next, we provide kinetic-energy spectra by applyi
the recently proposed ‘‘virtual detector’’ method@26# to the
laser-induced fragmentation of H2

1. We present and discu
the numerical results for the vibrational-state dependenc
the fragmentation dynamics including the intensity dep
dence for two selected vibrational states~Sec. III!. Our con-
cluding remarks follow in Sec. IV. Atomic units are use
throughout this paper, unless otherwise indicated.

II. THEORETICAL MODEL

For linearly polarized nonrelativistic laser fields consi
ered here, only the coordinates parallel to the electric-fi
vector play an important role. Thus, in order to keep t
computational effort at a reasonable level, we describe
molecular ion in a collinear model. This reduce
dimensionality model includes two coordinates, the el
©2003 The American Physical Society05-1
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tronic coordinatez relative to the center of mass of the nuc
and the internuclear distanceR. The model-inherent align
ment of the molecule along the polarization axis is no
serious problem, since in a kinematically complete exp
ment fragmentation along this axis can be selected. We
that the model includes non-Born-Oppenheimer coupli
between the electronic and nuclear motion. The solution
the time-dependent Schro¨dinger equation is formally given
by the propagation of the initial wave function,

C~z,R,t !5expF2 i E
0

t

dt8 H~z,R,t8!GC~z,R,t50! ~3!

with the Hamiltonian

H~z,R,t !5TR1Vnn~R!1Hel , ~4a!

Hel5Tz1Ven~z,R!1F~ t !z. ~4b!

TR andTz are the kinetic-energy operators for the electro
and the nuclear motion.Vnn(R)51/R is the internuclear
Coulomb potential andVen(z,R) the two-center Coulomb
potential for the electron-nucleus interaction. The interact
of the electric componentF(t) of the laser field with the
electron is given in dipole approximation in the leng
gauge. The propagation~3! is carried out numerically on a
grid using the Crank-Nicholson split-operator method wh
provides unconditional numerical stability@27#. Here, for
each time stepDt, the wave function at timet1Dt is recur-
sively given by

C~ t1Dt !5exp@2 1
2 iTRDt#exp@2 i ~Vnn1Hel!Dt#

3exp@2 1
2 iTRDt#C~ t !1O~Dt3!. ~5!

In order to avoid the singularity of the Coulomb potential
1D calculations, usually a SC Coulomb potential is intr
duced@3,25#.

A. Soft-core Coulomb potential for H2
¿

Before we discus the application of the SC potential to
H2

1 molecular ion, we briefly consider its basic propertie
The SC Coulomb potential is given by

VSC~z!5
2Q

Az21a2
. ~6!

Q describes the~effective! nuclear charge of the atom/ion
anda is a ‘‘softening’’ parameter which removes the sing
larity at z50. For largez, this looks like a Coulomb potentia
2Q/z whereas the behavior for smallz resembles a
harmonic-oscillator potential

VSC~z!52Q/a1Qz2/~2a2!1O~z3!. ~7!

The parametera can be adjusted in order to reproduce t
correct ground-state energy. In principle, one could a
change the parameterQ. However, this would lead to an
unphysical asymptotic behavior of the potential, andQ
would differ from the asymptotic charge seen by the elect
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at large distancesz. For one-electron systems, such as hyd
genlike ions, it turns out that for each value ofQ the param-
etera has to be adjusted separately in order to reproduce
correct binding energy of the ground state.

In the case of H2
1, the two-center potential requires

continuous adjustment ofa while the internuclear distanceR
is changed. The two limiting cases areR50 ~He atom,a
50.709) andR→` ~H atom, a51.415). In their previous
work, Kulander, Mies, and Schafer@3# suggested a softenin
function a(R), but did not use it for their calculations. In
stead, they keepa51 fixed for all internuclear distances
They compare the basic properties of their 1D model m
ecule with known 3D results for the shape of the two low
electronic state (1ssg and 2psu) potential curves and the
dipole matrix elementdug5^2psuuzu1ssg& coupling these
states. It has been shown@4,8,9# that these two states an
their coupling are most important for the dynamics of H2

1 in
strong laser fields. The degeneracy of 1ssg and 2psu elec-
tronic states enables charge localization at one nucleus
results in a diverging dipole moment which increases linea
with R. The shape of the potential curves also affects
positions of~avoided! crossings of the differentnv Floquet
channels, corresponding to a net absorption ofn51, 2, or 3!
photons@16#. Figure 1~a! shows these 1D dressed potent
curves for a fixed softening parametera51 in comparison
with the result of a full 3D calculation. We find the 1ssg
curve in the 1D model from Ref.@3# shifted to largerR by
30% in the equilibrium distance whereas the 2psu curves
show a better overall agreement of the 1D and 3D calcu
tions. The larger equilibrium distanceR0 in Kulander’s
model is crucial, since the ionization probability depen
critically on the position ofR0 relative to the curve cross
ings. A comparison of the model molecular properties w
the corresponding exact 3D values is given in Table I. T
anharmonicity constantvexe is obtained by fitting the lowes
vibrational energies in the 1ssg potential curve to the ex-
pressionEv5ve(v1 1

2 )2vexe(v1 1
2 )2. Figure 2 shows the

1D and 3D values for the coupling dipole momentdug of the
lowest electronic states as a function ofR.

B. Improved soft-core Coulomb potential for H2
¿

Based on the idea of Kulander, Mies, and Schafer@3# to
use a softening functiona(R), we now attempt to find a
more realistic 1D model. The SC Coulomb potential~7! be-
haves like a harmonic-oscillator potential for smallz. The
parametera determines simultaneously the depth2Q/a and
width of the potential. The width is proportional toa/AQ,
i.e., it is given by the prefactorQ/a2 of the quadratic term.
Our idea is now to control depth and width of the SC Co
lomb potential for H2

1 independently in order to reproduc
the exact 1ssg curve and, at the same time, to yield a re
sonable agreement for 2psu . This modified SC Coulomb
potential is given by

VSCmod~z!5
2Q

1/a2a/b1Az21~a/b!2
, ~8!

with two parametersa and b. For small z we find
5-2
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FIG. 1. Dressed nv (n
50, . . . ,3) Floquet potential
curves and vibrational energy lev
els for the two lowest electronic
states 1ssg and 2psu of H2

1.
Solid curves, 1D model molecule
dashed curves, full 3D result.~a!
Model by Kulander, Mies, and
Schafer@3# using the SC Coulomb
potential~6! with a fixed softening
parameter a51. ~b! Improved
model ~this work! based on the
modified SC Coulomb potentia
~8! with the softening function
a(R) ~shown in the inset!.
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VSCmod(z)'2Q(a2 1
2 bz2), whereas for large z the

asymptotic behavior2Q/z is unchanged. UsingVSCmod, the
two-center model potential in Eq.~4! for H2

1 (Q51) takes
the form

Ven~z,R!5
21

1/a~R!2a~R!/b1Az2
2 1@a~R!/b#2

1
21

1/a~R!2a~R!/b1Az1
2 1@a~R!/b#2

,

z65z6R/2. ~9!

For a given value ofb, the functiona(R) is adjusted to
exactly reproduce the 3D potential curve of 1ssg . b is a
04340
fixed parameter which determines the shape of the repul
2psu curve. The result forb55 in comparison with the 3D
curves is shown in Fig. 1~b! with the functiona(R) given as
an inset. There is still some difference between our 1D a
the full 3D models for the 2psu potential curve. A better
agreement can be achieved for larger values ofb but this
makes the potential more and more cusplike at the posi
of the nuclei. This limits the value ofb since for practicable
grid spacings the numerical grid cannot resolve a very n
row potential cusp. We found thatb55 models the repulsive
2psu potential curve well without causing spurious effec
in the numerical propagation on the grid. Based on our mo
fied SC Coulomb potential~9!, we calculated the propertie
of our 1D model molecule. In comparison with the 1D S
Coulomb potential from Ref.@3#, our results are in bette
agreement with the 3D data~see Fig. 1 and Table I!. In
TABLE I. Properties of the 1D model molecule compared with the real 3D molecule~atomic units!. R0 ,
equilibrium internuclear distance;De , dissociation energy;ve , ground-state frequency;vexe , anharmonic-
ity constant;I p , ionization potential.

3D resulta

1D model

@3# This work

R0 2.0 2.6 2.0
De 0.103 0.11 0.103
ve 1.0631022 9.9331023 1.0631022

vexe 3.0231024 2.0231024 3.0231024

I p(R0) 1.1 1.154 1.1
Number of bound states 19 21 19
1v crossing R 4.8 5.2 5.2

v 9 9 10
3v crossing R 3.3 3.6 3.4

v 3 2 4
1v threshold v>5 v>6 v>5

aMolecular constants from Ref.@28#.
5-3
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B. FEUERSTEIN AND U. THUMM PHYSICAL REVIEW A67, 043405 ~2003!
addition, the dipole momentdug is slightly better reproduced
than by the simple SC Coulomb potential~Fig. 2!.

We note that by adjusting a softening functiona(R) only
in a model potentialV(z,R)52Q/Az21a(R)2, the 1ssg
potential curve can also be exactly reproduced. However,
shape of the corresponding repulsive 2psu curve is in quite
poor agreement with the 3D result. This led us to introduc
second free parameterb in Eqs.~8! and ~9!.

C. Numerical propagation scheme

Our numerical grid extends from 0.05 to 30 inR with a
spacing of 0.05 and from245 to 45 inz with a spacing of
0.2. Absorbing regions using an optical potential are int
duced in order to prevent the reflection of the outgoing wa
packets at the border of the grid. We implemented this
sorber as fourth-order optical potentials inz andR:

Vopt~z,R!52 i @Vz~z!1VR~R!#, ~10a!

Vz~z!5H 5@~2252z!/20#4, z<225

5@~z225!/20#4, z>25

0 otherwise,

~10b!

VR~R!5H 0.05@~R220!/10#4, R>20

0 otherwise.
~10c!

The number of time steps per optical cycle is 1100. For e
time step the norm of the total wave function within 0.0
<R<20, 225<z<25 is calculated. The outgoing curre
flux through the borderszvd5625, Rvd520 of this inner
part of the grid is used to obtain differential and integra
data on the fragmentation process. If we write the outgo
wave packet in terms of a real amplitudeA and a real phase
f,

C~z,R,t !5A~z,R,t !exp@ if~z,R,t !#, ~11!

FIG. 2. Dipole coupling matrix elementdug5^2psuuzu1ssg&
for the lowest electronic sates of H2

1. One-dimensional model cal
culation of this work compared with the former result~1D model
and full 3D calculation! from Ref. @3#.
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we find the current density

j ~z,R,t !5
uA~z,R,t !u2

m
“f~z,R,t !. ~12!

Here,m is the mass of the particle. The dissociation yieldD
into the fragmentation channel~1! is given by the time-
integrated nuclear flux in theR direction atRvd ,

D~ t !5E
0

t

dt8E
2zvd

1zvd
dz jR~z,Rvd ,t8!. ~13!

Removal of the electron leads to CE, the yield of which
given by the time-integrated electronic flux in thez direction
at z56zvd ,

C~ t !5E
0

t

dt8E
0.05

Rvd
dR jz~zvd ,R,t8!. ~14!

We derive the nuclear momentum distribution for diss
ciation using the ‘‘virtual detector’’ method@26# and imagine
virtual detectors for the nuclear and electronic flux at t
positionsRvd and 6zvd indicated above. At each time ste
t i , we numerically calculate the gradient off at Rvd using a
five-point formula for the momentum,

pR
~D !~z,t i !5

]

]RU
Rvd

f~z,R,t i !. ~15!

Integration overz and binning of the momentum values fo
all timest i yield the momentum distribution for dissociation

The CE momentum spectra are obtained by first comp
ing the ionization rate as the outgoing electron flux throu
6zvd at a given internuclear distanceR. During the ~fast!
ionization of the electron we treat the~slow! nuclei as ‘‘fro-
zen.’’ For eachR, the Coulomb energy 1/R is released. In
order to take the initial~dissociative! momentum

pinit~R,t i !5
]

]RU
zvd

f~z,R,t i ! ~16!

of the nuclei into account, we add the Coulomb energy a
the initial kinetic energy of the nuclei at the ionization tim
and obtain the final momentum

pR
~CE!~R,t i !5Apinit

2 ~R,t i !12m/R ~17!

of the released fragments. Here,m is the reduced mass of th
nuclei. Analogous to the dissociation, integration overR and
binning of the nuclear momentum values for all timest i give
the momentum distribution for CE.

III. RESULTS

Before we discus the vibrational-state dependence of
fragmentation of H2

1 in a 25-fs laser pulse, we consider th
intensity dependence for two selected vibrational sta
uv53& anduv56&. The main difference between these sta
is the fact thatuv53& lies below the threshold for the 1v
5-4
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FRAGMENTATION OF H2
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Floquet channel whereas statesuv55& or higher can decay
into the 1v as well as into the 2v @29# channel that is open
for all v states~see Fig. 1!. Thus, lowerv initial states need
excited-state contributionsuv>5& in order to decay into the
1v dissociation channel.

Vibrational excitation is likely in sufficiently short an
intense laser pulses if the electric-field envelope changes
nificantly on the time scale of the vibrational motion. In th
case, the time dependence of the dressed~Floquet! potential
curves leads to nonadiabatic transitions between vibratio
states. The influence of the pulse duration on the kine
energy spectra has been demonstrated by Frasinskiet al.
@18#. We note that these transitions are mediated by the
teraction of the electron cloud with the laser field, since
nuclei cannot absorb photons directly. For all calculatio
we used sin2 shaped 25-fs full width at half maximum pulse
of 800-nm wavelength.

A. Fragmentation of H2
¿

„vÄ3… in a 25-fs laser
pulse: Intensity dependence

Figure 3~a! shows the time-dependent norm

N~ t !5E
0.05

Rvd
dRE

2zvd

1zvd
dzuC~z,R,t !u2 ~18!

and the probabilities for dissociationD~t! and Coulomb ex-
plosion C(t) for H2

1 (v53) interacting with a 25-fs lase
pulse of intensityI 50.2 PW/cm2. We find 20% probability
for dissociation and 70% for CE. The time evolution of t
nuclear probability density

P~R,t !5E
2zvd

1zvd
dzuC~z,R,t !u2 ~19!

is illustrated in Fig. 3~b! with contour lines indicating the
electronic ionization rate due to CREI. In the density pl
the dissociation appears as a threefold jetlike structure. T
structure can be associated with distinct peaks in the di
ciation kinetic-energy spectrum shown as a solid line in F
3~c! for intensities in the range from 0.05 to 0.5 PW/cm2.
The kinetic-energy range for one- and two-photon absorp
into Floquet channels for all vibrational states is given by
shaded areas. For 0.1 PW/cm2, we find the strongest disso
ciation. With increasing intensities, Coulomb explosi
~dashed line! becomes dominant and results in the reduct
of the final dissociation probability. At 0.2 PW/cm2, the CE
spectrum forms a broad peak between 4 and 8 eV co
sponding to internuclear distances in the CREI region in F
3~b! at 3.5<R<7. The CE peak is shifted towards high
kinetic energies for 0.5 PW/cm2, showing a substructure
which reflects the nodes of the initial wave function.

B. Fragmentation of H2
¿

„vÄ6… in a 25-fs laser
pulse: Intensity dependence

Figure 4 shows the fragmentation dynamics of theuv
56& initial state. Compared tov53, at 0.2 PW/cm2 the dis-
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sociation probability is reduced to 10% and the CE enhan
to 88%. For the lower intensities, dissociation is much str
ger than for theuv53& initial state, mainly due to the open
ing of the 1v channel@note the different scale in the uppe
row of Fig. 4~c!#. The CE spectra behave similarly to thev
53 case but with a generally higher ionization probabili
The intensity dependence of the fragmentation~dissociation
and CE! probabilities for theuv53& anduv56& initial states
is summarized in Fig. 5. Foruv53&, the dissociation channe
shows a maximum of 37% around 0.1 PW/cm2 whereas for
uv56& the dissociation probability increases further with d
creasing intensity up to 73% at 0.05 PW/cm2. The ionization
~CE! probability reaches saturation for both initial states
0.5 PW/cm2.

FIG. 3. Fragmentation of H2
1 (v53) in a 25-fs laser pulse.~a!

Time-dependent norm~N! and probabilities for Coulomb explosio
~CE! and dissociation~D! at I 50.2 PW/cm2. ~b! Corresponding
probability densityP(R,t) ~logarithmic gray scale! and ionization
rates ~contour lines!. ~c! Kinetic-energy spectra for dissociatio
~solid lines! and CE~dashed lines! for intensities in the range from
0.05 to 0.5 PW/cm2.
5-5
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C. Fragmentation of H2
¿ in a 25-fs 0.2-P WÕcm2 laser

pulse: Vibrational-state dependence

As mentioned above, for 25-fs pulses we have a com
tition of dissociation and CREI at an intensity of'0.2
PW/cm2. Figure 6 shows the fragment kinetic-energy spec
for the initial statesuv&, v50 – 2, 4, 5, 7–9@for v53, 6, see
Figs. 3~c! and 4~c!#. These states significantly contribute to
Franck-Condon distribution one would expect for H2

1 cre-
ated in an ion source@24# ~see Franck-Condon factors in Fig
7!. We find the vibrational ground state being almost sta
against fragmentation. With increasingv, first dissociation
dominates with a maximum probability of 33% foruv52&.
Then CREI becomes more and more favorable at the exp
of dissociation with ionization probabilities.90% for
uv57& and higher~see Fig. 7!. There is also a noticeabl
shift in the dissociation spectra from the 1v to the 2v region
~indicated by the shaded areas!.

The v-dependent behavior of the ionization probabil
can be explained in the following way. For the lowv states,
we have first an expansion of the molecule due to bond s
ening. OnceR reaches the ‘‘critical’’ region of 5–10, CRE

FIG. 4. Same as Fig. 3 but withuv56& as initial state.
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becomes likely. With increasingv the overlap of the initial
wave function with the CREI region becomes larger. In a
dition, these states are more sensitive to the bond soften
The increasing overlap of the initial states with the CR

FIG. 5. Intensity dependence of the fragmentation probabilit
uv53& initial state:d, dissociation;m, CE. uv56& initial state:s,
dissociation;n, CE. The curves joining the points only serve
guide the eye.

FIG. 6. Fragmentation of H2
1 in a 25-fs laser pulse atI

50.2 PW/cm2. Kinetic-energy spectra for dissociation~solid lines!
and CE~dashed lines! for initial vibrational statesuv&, v50 – 2, 4,
5, 7–9@for v53, 6 see Figs. 3~c! and 4~c!#.
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FRAGMENTATION OF H2
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region shifts the range where ionization occurs towa
largerR. This results in lower Coulomb energy release, i.
in a slight shift of the CREI peak in the spectrum from 6
eV (v51) to 5 eV (v59).

So far no experiment with selected pure initial vibration
states has been done due to technical difficulties. Ion sou
usually provide a broad distribution ofuv& states. The
kinetic-energy spectrum for this kind of ensemble is sho
in Fig. 8 for a 25-fs, 0.2-PW/cm2 pulse. Here, we added th
spectra for all significant states (v50, . . .,9), weighted
with the Franck-Condon factors. As a result of this summ
tion, much of the interestingv dependence is lost. An alte
native to the preparation of pure states is the use of not
intense, ‘‘long’’ ~.100 fs! pulses, which avoid nonadiabat
vibrational excitations. In this case, high-resolution spectr
copy allows the identification of individualuv& states in the
1v and 2v dissociation spectrum, as it has been done in
recent experiment by Sa¨ndig, Figger, and Ha¨nsch@23#.

IV. CONCLUSION

Using wave-packet propagation calculations within a c
linear reduced-dimensionality model, we investigated
fragmentation of the H2

1 molecular ion in 25-fs, 800-nm
laser pulses in the intensity range 0.05–0.5 PW/cm2. Our
model represents both the nuclear and electronic motion
one degree of freedom including non-Born-Oppenheim
couplings. By introduction of a modified soft-core Coulom
potential for the electron-nucleus interaction with a soften
function that depends on the internuclear distance, we w
able to reproduce accurately essential properties of

FIG. 7. Fragmentation of H2
1 in a 25-fs laser pulse atI

50.2 PW/cm2. Initial-vibrational-state dependence of the probab
ties for dissociation and CE. The black squares show the Fra
Condon factors~right scale! u^H2

1, vuH2 , v50&u2.
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‘‘real’’ 3D molecule. We calculated the probabilities an
kinetic-energy spectra for dissociation and CE of the m
ecule for various intensities and initial vibrational states. F
the initial vibrational statesuv53& and uv56& and different
intensities, we demonstrated the effect of the thresholdv
>5) for the 1v Floquet channel. For 0.2 PW/cm2, our cal-
culation revealed a strong vibrational-state dependence o
branching ratio between dissociation and CE. We found t
dissociation dominates for molecular ions that are prepa
in the two lowest vibrational states only, while CE becom
more and more dominant for higher vibrational states. T
latter is caused by the increasing overlap of the initial nucl
wave function with the region of internuclear distanc
where CREI leads to high ionization probabilities. We al
considered an incoherent~Franck-Condon! mixture of vibra-
tional states, e.g., a beam of molecular ions created in an
source. In contrast to a coherent superposition of vibratio
states, the time dependence of which could be studied
two-pulse pump-probe experiment@6#, some of the interest-
ing v dependence is lost after averaging over the Fran
Condon distribution. We hope that our work stimulates ch
lenging future experimental investigations including t
preparation of selected vibrational states.
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FIG. 8. Fragmentation of H2
1 in a 25-fs laser pulse atI

50.2 PW/cm2. Kinetic-energy spectra for dissociation~solid lines!
and CE~dashed lines! for a statistical~Franck-Condon! mixture of
initial vibrational states.
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