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Nuclear correlation in ionization and harmonic generation of H2
¿ in short intense laser pulses
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The dynamics of H2
1 in short intense laser pulses with wavelengths of 532 nm and 800 nm is considered in

two approaches, including and not including the motional degree of freedom of the two nuclei. In the situation
with moving nuclei, referred to as the non-Born-Oppenheimer approach, the ionization is substantially in-
creased with respect to the case with no motional degree of freedom of the nuclei, and consequently the nuclear
separation also increases with rising laser intensity. This separation is accompanied by complex relative
accelerations of the nuclei due to a strongly varying mutual shielding via the laser-driven electron. In the
harmonic spectrum the irregularity of the electronic dynamics induced by the nuclear motion leads to a
broadening of the harmonic peaks. In particular, the correlated nuclear motion is shown to lead to an earlier
onset of the harmonic cutoff than for fixed nuclei, but also to a wider cutoff regime with significantly higher
harmonics.
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I. INTRODUCTION

While the laser-atom interaction with one single acti
electron is now understood in quite some detail@1,2#, in-
creased interest has recently been devoted toward more
plex systems like multielectron atoms@3# and molecules
@4–13# in intense laser fields. Since the nuclei and electr
in the molecular system respond to the laser field on differ
time scales, the research into molecules in an intense l
pulse has mostly been limited to rather simple molecu
systems, such as H2

1 and H2 @4–6#. However, it is also
precisely these two time scales of the response of the
lecular system to the laser field that exhibit abundant
namical behavior, such as above-threshold dissociation@8#,
dissociation through bond softening@9#, Coulomb explosion
@10#, high-order harmonic generation@11,12#, two-color pho-
todissociation@13#, and charge-resonance-enhanced ioni
tion @14#.

The exact simulatation of the dynamical behavior of m
ecules in intense laser fields via the time-dependent Sc¨-
dinger equation~TDSE! is rather demanding even with up
to-date computing facilities. Therefore many theoreti
researchers have adopted the Born-Oppenheimer~BO! ap-
proximation to separate the electronic and nuclear degree
freedom in describing the dynamical processes of a mole
in intense laser pulses. In the BO approach the electr
respond essentially instantaneously to the external field
the time scale of both the nuclear motion and the opt
period of the laser field. However, when the laser pulse
comes short and intense, the BO approximation may bec
invalid. In high-intensity laser fields the potential structure
the molecular system is greatly modified by the applied la
field and substantially different from the situation when t
BO approximation is applicable. Thus in such cases th
may be a mixing of the nuclear and electron dynamics
molecules, imposing a simultaneous description of both
namics@4,11,12#.

In this article we consider this regime of mutual interpl
1050-2947/2001/65~1!/013402~10!/$20.00 65 0134
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of the electron and nuclear dynamics of H2
1 in short intense

laser pulses. Particular emphasis is placed on the tunne
dynamics, with aspects investigated such as ionization,
sociation, and high-harmonic generation. We show that
broadening of the return times in the recollisions with t
moving ions leads to an earlier onset of the cutoff regime
compared to the BO approach, but to a much wider reg
with substantially higher harmonics. This is investigated
detail as a function of the applied laser frequency and int
sity. This broadening also reduces the periodicity of t
recollisions and thus increases the broadening of the spe
peaks.

The paper is organized as follows. We begin by discuss
in the first section the collinear model of H2

1 in intense laser
fields. Then we introduce the two approaches to be co
pared, including and not including the motion of the nucl
For both appraoches we introduce the Hamiltonians gove
ing the dynamics of H2

1 to be studied for various intensitie
and wavelengths of short laser pulses. Through numer
solution of the TDSE, we investigate the time evolutions
the probabilities of ionization and dissociation, the spectra
high-order harmonic generation, and the nuclear accel
tions, as well as the time-dependent average nuclear sep
tion. Finally, in the main section we present and discuss
results from the two approaches before concluding.

II. COLLINEAR MODEL OF H 2
¿

In intense linearly polarized laser fields, the major part
the laser energy is transferred into the electron motion al
the polarization direction of the laser field. Thus most info
mation about the dynamical behavior of the electron in
laser field is contained in the electron motion along the
larization direction of the laser field. In addition, the molec
lar axis rapidly aligns along the polarization direction in
intense linear polarized laser field. Thus we here restrict o
selves to the one-dimensional collinear model of H2

1 @15#,
©2001 The American Physical Society02-1
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which was established on the basis of the two followi
assumptions:~a! The axis of the molecule in the intense las
field is aligned along the polarization direction of the las
field; ~b! the motion of the electron in the molecule may
restricted to one dimension along the direction of polari
tion of the laser field. These two assumptions have b
experimentally and theoretically confirmed@16#. The collin-
ear model allows us to reduce the spatial variables of H2

1

down to two, the distance from the electron to the cente
mass of two nuclei,z, and the distance between the nuclei,r.
A further significant advantage of this collinear model is th
the wave function of H2

1 can be easily obtained by exact
solving the TDSE numerically. In addition, the evolvin
wave packet of H2

1 can be displayed within a three
dimensional~3D! plot, which is very helpful in studying the
competition between ionization and dissociation in the m
ecule and in understanding the dynamical process of C
lomb explosions. We note, however, that Chelkowskiet al.
@5# achieved a solution of the corresponding 3D model
the first time in 1996, in particular to show the existence
charge-resonance-enhanced ionization.

In two-dimensional space, the field-free Hamiltonian
the collinear H2

1 molecule has the following simple form~in
atomic units!:

H0~z,r !52
1

2

]2

]z2
2

1

2m

]2

]r 2
1V~z,r !, ~1!

where

V~z,r !5
1

Ar 21qn

2
1

A~z20.5r !21qe

2
1

A~z10.5r !21qe

~2!

is the Coulomb potential of 1D H2
1 . m is the reduced mas

of the two nuclei and we neglected terms weighted by
small ratio of the electron mass to that of the nuclei.qe and
qn are the softening parameters that are used to eliminate
singularity of the one-dimensional Coulomb potential. Th
method of eliminating the singularity of the Coulomb pote
tial has been frequently used in numerical calculations. In
dipole approximation@17#, the coupling between the mo
ecule and the laser field is written as

HI~z,t !5zE~ t !. ~3!

The time-dependent Schro¨dinger equation has the followin
form:

i
]C~z,r ,t !

]t
5@H0~z,r !1HI~z,t !#C~z,r ,t !. ~4!

Equation ~4! can be numerically solved with the secon
order split-operator method@18#. The formal expression fo
the wave function at the timet1dt is

C~z,r ,t1dt !5e2 i [H0(z,r )1HI (z,t)]dt C~z,r ,t !, ~5!

which can be approximately expressed as
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C~z,r ,t1dt !

5expF i
dt

2 S 1

2

]2

]z2
1

1

2m

]2

]r 2D G
3expF2 i

dt

2
V~z,r !Gexp@2 iH I~z,t !dt#

3expF2 i
dt

2
V~z,r !GexpF i

dt

2 S 1

2

]2

]z2
1

1

2m

]2

]r 2D G
3C~z,r ,t !1O~dt3!. ~6!

The wave function at any moment in timet, C(z,r ,t), can
be numerically solved by repeatedly applying the unitary o
erator in the right hand side of Eq.~6! on the initial wave
functionC0(z,r )5C(z,r ,t50). In order to evaluate the ini
tial state, which is usually chosen to be the ground state
the molecular system, in the non-BO approach, we fi
evaluate the bound statesEn,0 (n50,1,2,3, . . . ) by using
the autocorrelation function of any trial function in the fiel
free case, and then calculate the corresponding eigen w
functions, Fn(z,r ) (n50,1,2,3, . . . ), using the following
formula:

Fn~z,r !;
1

Ttot
E

0

Ttot
eiEntW~ t !C~z,r ,t !dt, ~7!

whereC(z,r ,t) is the wave function at timet that evolves in
the field-free case from a trial wave function att50. Ttot is
the total free-field evolution time, andW(t) is the Hanning
window function given by

W~ t !512cosS 2pt

Ttot
D ~0<t<Ttot!. ~8!

In order to avoid any reflections of the wave functio
from the boundaries of the calculation area, we also use
absorbing mask function to absorb the reflecting parts of
wave function after evolving for a time stepdt @19#. How-
ever, since the two nuclei of H2

1 cannot coincide, the wave
function automatically tends to zero at ther 50 boundary.
Thus no absorption is introduced at ther 50 boundary in the
case of moving nuclei.

A. Case of moving nuclei

In the situation of moving nuclei~non-Born-Oppenheime
approximation! the wave function is a two-variable function
i.e., C(z,r ,t) depends simultaneously on the electronic c
ordinates~z! and the nuclear coordinates (r ), which have the
same footing in the wave function. So the wave functi
C(z,r ,t) includes dynamical information about the electro
and the nuclei. We discuss them separately. In all of
calculations, we choose the softening parameters to beqe
51.0 andqn50.03. This choice renders the energies of t
ground states equal to20.778 a.u.
2-2
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1. Dynamics of the electrons

When considering the motion of the electrons and nuc
we define the total calculation regionS, which is two dimen-
sional and spanned byz with uzu<zmax5(nz/2)dz andr with
0<r<r max5nrdr. Herenz (nr) anddz (dr) are the number
of grid points and the spatial step sizes along thez (r ) axes.
In this two-dimensional area we define the ionization reg
Si as

Si5$zuAbs~z!.zi10.5r %, ~9!

where zi532.0 a.u. and Abs(z) designates the absolut
value of z. The time-dependent probabilities of ionizatio
can be evaluated with the following formula:

Pi~ t !5E E
Si

uC~z,r ,t !u2dzdr. ~10!

The expectation value of the dipole acceleration of H2
1 is

defined as

^a~ t !&52E E
S
C* ~z,r ,t !

]V~z,r !

]z
C~z,r ,t !dzdr.

~11!

According to Eq.~11! we evaluate the spectrum of high
order harmonics,A(v), by taking the modulus squared o
the Fourier transform of the dipole acceleration:

A~v!5U E
0

Td

^a~ t !&e2 ivtdtU2

, ~12!

whereTd is the full duration of the laser pulse.
01340
i,

n

2. Dynamics of the nuclei

Concerning the relative dynamics of the nuclei, using
wave functionC(z,r ,t), we are able to obtain the expect
tion value for the nuclear separation at any time,

R~ t !5E E
S
r uC~z,r ,t !u2dzdrY E E

S
uC~z,r ,t !u2dzdr,

~13!

and to calculate the time-dependent dissociation probabi

Pd~ t !5E E
Sd

uC~z,r ,t !u2dzdr ~14!

by integrating the probability densityuC(z,r ,t)u2 in the dis-
sociation regionSd , which is defined as

Sd5$r ur d<r ,r max%, ~15!

where r d59.5 a.u. In addition, we evaluate a time
dependent relative acceleration of nuclei from the expe
tion value of the nuclear distance:

an~ t !5R̈~ t !5
d2R~ t !

dt2
. ~16!

Using this, we may obtain the spectrum with respect
an(t):

S~v!5U E
0

Td
R̈~ t !e2 ivtdtU2

. ~17!
f

-
ll
FIG. 1. The ionization prob-
abilities of H2

1 in fields of laser
pulses with a wavelength of 532
nm and intensities of~a! 2.5
31014 W/cm2, ~b! 4.031014

W/cm2, ~c! 7.531014 W/cm2, and
~d! 1.031015 W/cm2 for two
cases: fixed~thick line! and mov-
ing ~thin line! nuclei. The disso-
ciation probabilities in the case o
moving nuclei are shown with a
dashed line. The initial state is as
sumed to be the ground state in a
cases ~1 cycle corresponds to
73.36 a.u. in time!.
2-3
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FIG. 2. Same as in Fig. 1 for a
wavelength of 800 nm~1 cycle
corresponds to 110.31 a.u. i
time!.
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We note that this spectrum may be seen only as a
quency analysis of the relative motion of the nuclei but n
as the isolated radiation spectrum of the nuclei. For this
would require the small center of mass acceleration of
ionic system via the electron, which is neglected in our tre
ment; see also@20#.

B. Case of fixed nuclei

When the motional degree of freedom of the nuclei is
included, the calculation region reduces to a one-dimensio
space. In order to compare the results here with those in
case of moving nuclei, we set the nuclear separation to
equal to the average distance between the nuclei in
ground stateuF0& in the case of moving nuclei

r g5

E E
S
r uF0~z,r !u2dzdr

E E
S
uF0~z,r !u2dzdr

52.63 a.u., ~18!

and calculate in this way the energy of the correspond
ground state to be20.781 a.u. The methods for calculatin
the time-dependent probabilities and the spectrum of h
order harmonic generation are similar to those in the cas
moving nuclei, except for the dissociation probability and t
direct radiation from the nuclei, which obviously do not ex
here.

III. RESULTS AND DISCUSSION

Throughout the whole discussion we use the same l
pulse shape identified by an electric field of the form
01340
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E~ t !5E0f ~ t !sin~vt !, ~19!

where

f ~ t !5H sin2S pt

6Td
D when 0<t,Td/3,

1 when Td/3<t,Td .

~20!

HereTd5880 a.u.521.2 fs is the full duration of the lase
field. Regarding other fixed parameters, we have emplo
dz50.2, nz51024, dr50.04, nr5512, anddt50.053.

We calculate the time-dependent ionization and disso
tion probabilities of H2

1 interacting with ultrashort lase
pulses with different intensities in two approaches and sh
the calculated results in Fig. 1 and Fig. 2 for 532 nm and 8

FIG. 3. The variation of the total potentialV(z,r )2zE as a
function of the spatial coordinatez. The distance between the nucl
is assumed to ber 52.63 a.u. in~a! and r 53.63 a.u. in~b!. The
corresponding intensities of the laser pulse areI 50 ~solid line!,
I 54.031014 W/cm2 ~dotted line!, andI 57.531014 W/cm2 ~dashed
line..
2-4
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NUCLEAR CORRELATION IN IONIZATION AND . . . PHYSICAL REVIEW A65 013402
nm pulses, respectively. Since the ionization in the case
fixed nuclei is almost vanishing~its maximum is smaller than
1023) at the intensity of 2.531014 W/cm2, the fixed-nucleus
ionization probabilities@thick lines shown in Fig. 1~a! and
Fig. 2~a!# are enhanced by a factor of 100. We find from F
1 and Fig. 2 that the onset of dissociation occurs ab
6.5–7.0 fs later than that of ionization. The reason is that
nuclei are much heavier than the electrons and thus resp
to the external field very slowly. Since the 800 nm laser pu
involves a greater pondermotive energy than the 532
pulse and thus leads to a more rapid ionization of the e
tron in H2

1, most parts of the wave function flow out in th
ionizationdirection (uzu→`) but not in thedissociationdi-
rection (r→`). Thus for our molecular system, the ioniz
tion process is dominant when an intense ultrashort la
pulse is used, especially for the case with a longer wa
length.

Comparing the time-dependent ionization probabilit
calculated in the two approaches, we also find from comp
ing the pulses with the same intensity that the ionizat
probability is significantly smaller in the case of fixed nucl
This phenomenon can be understood by considering the

FIG. 4. The variation of the eigenlevels of the first four eige
states with changing nuclear distance.Eg , Ea , Eb , andEc stand
for the potential curves of the ground and the first three exc
states, respectively. The softening parameters are chosen toqe

51.0 andqn50.03.
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tem potential as formed by the combination of the Coulo
potential and the laser field. The potential well confines
electron and may release it if it is too shallow. When t
nuclear separation is small, the system potential well is v
deep and possesses quite high outer barriers, which can
fine the electron tightly. However, when the nuclear sepa
tion increases not only do the outer barriers of the molecu
potential well rapidly decrease but also the inside barrier
the well increases, as shown in Fig. 3. As a consequence
potential well becomes shallower with increasing nucle
separation and the ionization rate increases, as is prop
accounted for only by the theory with moving nuclei.
addition we note from Fig. 4 that the eigenenergy of t
ground state rises with increasing internuclear distance w
r .r g . This indicates also that H2

1 is ionized more strongly
due to the increase of the internuclear distance.

In Fig. 5~a! and Fig. 5~b!, we show, respectively, the av
erage nuclear separation as a function of time for the 532
and 800 nm pulses with different peak intensities. It is eas
noted and not surprising that the more intense the pulse
tensity, the faster the average relative nuclear velocity will
~i.e., the slopes of the curves in Fig. 5 are greater!. The
nuclear separation gradually increases with time before
ization occurs. Once the electron is ionized, due to the str
repulsion between the two nuclei, the nuclear separation
idly increases with time, i.e., a Coulomb explosion tak
place. Since a high-intensity laser pulse ionizes the elec
earlier than a low-intensity pulse, the two nuclei begin
separate at smaller nuclear separations when high-inten
pulses are used. We note that the results obtained in
figure complement the results for a smaller laser inten
obtained via 3D calculations in Fig. 7 in@5#.

In Figs. 6–9, we present the spectra of high-order h
monic generation of H2

1 interacting with 532 nm and 800
nm laser pulses with different intensities in both moving a
fixed nuclei approaches. The spectra calculated in both
proaches have a general form similar to those produced
atoms in an intense laser field. Thus they have a rapid
crease in intensity for the first few harmonics, a plateau w
harmonics at almost constant intensity, and a cutoff wh
the harmonics quickly decrease@21#. The more intense the
laser pulse, the longer the plateau and consequently
higher the corresponding cutoff frequency. The characte

-

d

t
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-

e.
FIG. 5. The time-dependen
nuclear separation of H2

1 while
interacting with an ultrashort lase
pulse of shape given in Eq.~20!
and various intensities as indi
cated in the figure. H2

1 is initially
assumed to be in the ground stat
2-5
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FIG. 6. The high-order har-
monic spectra of H2

1 asrising
from interaction with a laser pulse
of shape given in Eq.~20!, wave-
length 532 nm, and various pea
intensities:~a! 2.531014 W/cm2,
~b! 4.031014 W/cm2, ~c! 7.5
31014 W/cm2, and ~d! 1.031015

W/cm2. H2
1 is initially in the

ground state. The nuclei are a
lowed to move.
t
o
p
ng
t
u
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ak-
rea-
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tics are the same in the both approaches. However,
widths of the individual harmonic peaks in the spectra
H2

1 are obviously increased with respect to atoms, es
cially for the case of moving nuclei. This peak-broadeni
effect is probably caused by both the adiabatic increase in
nuclear separation and the difference between the molec
and atomic potentials. Unlike the centric Coulomb poten
of the atom, the Coulomb potential of H2

1 is bicentric. We
01340
he
f
e-

he
lar
l

find that when the nuclear separation is fixed the pe
broadening effect correspondingly decreases. A further
son is that, with varying positions of the nuclei in the reco
lision processes, the periodicity of the recollisions
reduced. This increases the width of the harmonics for m
ing nuclei.

It is easily seen from Figs. 6–9 that there are furth
striking differences in the envelopes of the harmonic spe
t
FIG. 7. Same as in Fig. 6 bu
for a laser light wavelength of 800
nm.
2-6
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FIG. 8. The high-harmonic
spectra of H2

1 arising from inter-
action with a laser pulse of shap
given in Eq.~20!, wavelength 532
nm, and the various peak intens
ties: ~a! 2.531014 W/cm2, ~b! 4.0
31014 W/cm2, ~c! 7.531014

W/cm2, and~d! 1.031015 W/cm2.
H2

1 is initially in the ground
state. The nuclei are fixed in pos
tion @r g52.63 as indicated in Eq
~18!#.
th
ow
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de-
the
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calculated in the cases of moving and fixed nuclei. In
case of moving nuclei, the spectra have more intense l
order harmonics~compared to the situation of fixed nuclei!,
which rapidly decrease in intensity with increasing order~see
Figs. 6 and 7!. When pulses with high intensity and lon
wavelength are used, the harmonic spectra show cutoff
gions with a long high-order tail but a less pronounced cu
frequency@see Figs. 7~c! and 7~d!#. In the case of fixed nu-
01340
e
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e-
ff

clei, however, the low-order harmonics have no rapid
crease in intensity with increasing order, but have almost
same intensities as the high-order harmonics in the pla
@see Figs. 8~c and d! and 9~c and d!#. Some low-order har-
monics even disappear for the low-intensity pulse@see Figs.
8~a and b! and 9~a and b!#. The differences in the cases o
moving and fixed nuclei are greater for the 800 nm la
pulse than for the situation with 532 nm. Thus we see clea
t
FIG. 9. Same as in Fig. 8 bu
for a laser light wavelength of 800
nm.
2-7
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that the adiabatic nuclear motion of H2
1 significantly affects

the structure of the harmonic spectrum in the interaction
~especially! the long wavelength laser pulse with a high i
tensity
(;1015 W/cm2) and a duration of about 20 fs. We add th
the results obtained in Figs. 6–9 complement the results
tained via 3D calculations in Fig. 10 in@5#. In that paper no
appreciable signature of the motion of the nuclei was not
able in the harmonic spectra for smaller laser intensities t
in our calculations. This can be understood because the
tion of the nuclei is enhanced with increasing laser intens
In addition, we find a somewhat smaller distance betw
the nuclei in the case of fixed nuclei@see Eq.~18!#.

Using Figs. 6–9 we are now in a position to compare
cutoff frequenciesvmax

f and vmax
m arising from the calcula-

tions with fixed and moving ions, respectively. This has be
plotted in Fig. 10 where we see clearly that the onset and
maximum of the cutoff regime are at lower frequencies,

FIG. 10. The cutoff harmonic frequencies as a function of
maximal driving laser intensity.~a! and ~b! relate to the situations
with laser wavelengths of 532 nm and 800 nm, respectively.
01340
f

t
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from Figs. 6–9 that substantially higher harmonics are p
sible, with moving nuclei. From the data in Fig. 10 we c
formulate the cutoff rule in the usual form as a function
the ionization energy plus a multiple of the ponderomot
energyUp5eE2/4mv2. We obtain in atomic units

vmax
m 50.9413.53Up ,

vmax
f 51.3313.30Up ~21!

for a 532 nm pulse and

vmax
m 51.0613.27Up ,

vmax
f 51.4213.11Up ~22!

for an 800 nm pulse. Thus we obtain for the ionization e
ergies 0.94 a.u.~25.58 eV! and 1.33 a.u.~36.19 eV! for the
cases of moving and fixed nuclei for a 532 nm laser pu
and 1.06 a.u.~28.84 eV! and 1.42 a.u.~38.64 eV! in the cases
of moving and fixed nuclei for an 800 nm laser pulse. Th
H2

1 has a higher ionization energy when exposed to an
nm laser pulse than to a 532 nm laser pulse. We explain
phenomenon as follows. The nuclei in H2

1 respond differ-
ently to external fields with different wavelengths. Therefo
the molecular potential that the electron senses is altered
ferently for 532 nm and 800 nm laser pulses. Thus in
molecular system the ionization energy is dependent on
wavelength~or frequency! of the external laser field. We not
that the cutoff energy may be extended far further for lon
laser pulses and for an initial excitation of the molecule in
two-step process@11#.

In Fig. 11 we consider the relative velocity and accele

e

FIG. 11. The relative velocity

Ṙ and the relative accelerationR̈
of the two nuclei of H2

1 in a laser
pulse of shape given in Eq.~20!
and intensity 4.031014 W/cm2

and wavelength 532 nm@~a! and
~b!# and 800 nm@~c! and~d!#. The
initial states are given by the
ground state.
2-8
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FIG. 12. The radiation spectra
arising from the relative accelera
tion of the two nuclei in the H2

1

molecule. The laser pulses wit
shapes following Eq.~20! are fur-
ther characterized by the wave
lengths 532 nm@~a! and ~b!# and
800 nm @~c! and ~d!# and the
maximal intensities of 2.531014

W/cm2 @~a! and ~c!# and 4.0
31014 W/cm2 @~b! and ~d!#. H2

1

is initially prepared in the ground
state.
as
-
ve

a
nu
o
th
d
e

ce
it

fr
a
t o
ls

ce

rs

ith-
-

ith a
ser

e
ar

d a
lear
the

an
tion between the nuclei,Ṙ(t) and R̈(t). We note that al-
though the average distance between the nuclei incre
monotonically with time~see Fig. 5!, the relative accelera
tion of the nuclei does not. The reason is that the laser-dri
electron@or the wave packetuC(z,r ,t)u2# surrounds the nu-
clei and spreads outward. When the electron enters the
between the nuclei, however, the relative velocity of the
clei decreases. In particular, when the electron moves to
side of the nuclei, the relative velocity increases. Thus
relative acceleration of the nuclei changes periodically as
the electrons in the field of the laser pulse. This is ev
clearer from Fig. 12, where the spectra of the relative ac
erations of the nuclei for the 532 mn and 800 nm pulses w
peak intensities of 2.531014 W/cm2 and 4.031014 W/cm2

are presented. High even multiples of the applied laser
quency are visible. Furthermore, the asynchronization in
celeration of the nuclei due to the electron leads to a spli
the spectral peaks in Fig. 12, especially for the laser pu
with short wavelength~532 nm! and with highest intensity
(4.031014 W/cm2). We note that the radiationA(v) and
S(v) are employing the same scale, i.e., the relative ac
.

.

01340
es

n

rea
-
ne
e
o
n
l-
h

e-
c-
f
e

l-

eration of the nuclei is, not surprisingly, two to three orde
of magnitude smaller than that of the electrons.

IV. CONCLUSION

From a dynamical investigation of H2
1 in short laser

pulses of various intensities and wavelengths with and w
out the BO approximation we were able to find the follow
ing. ~a! The nuclear motion of H2

1 in a field of intense
ultrashort laser pulses induces an enhanced ionization w
dependence of the ionization energy on the applied la
wavelength.~b! A periodic shielding of the repulsion of th
nuclei by the electron is shown to yield highly nonline
accelerations between the nuclei.~c! In particular for long
wavelengths, we find a broadening of the cutoff regime an
broadening of the harmonics themselves due to the nuc
motion. This is associated with the increased deviation of
recollision times and energies with moving nuclei.
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