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Molecular-bond hardening and dynamics of molecular stabilization
and trapping in intense laser pulses
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We extend our previous study [Chem. Phys. Lett. 197, 413 (1992)] of the molecular stabilization in in-

tense laser fields by considering the dynamical behavior of the H&+ molecules in intense femtosecond
short laser pulses at 775 nm. Significant stabilization and population trapping of high-lying vibrational
states and chemical bond hardening are predicted for both continuous-wave (cw) lasers and short laser
pulses. While the intensity dependences of the laser-induced stabilization are essentially the same for
both cases, the detailed wave-packet localization dynamics is quite different. The correlation of the
time-dependent dynamics with the time-independent Floquet complex quasienergy results, the probabili-

ty for localization, the pulse-width dependence of molecular stabilization, the proton kinetic-energy
spectrum, as well as the contrary dynamical response of low- and high-lying states, are studied at length
for intense short laser pulses. In addition, the dynamic origin of "bond-softening" (for low-lying vibra-
tional states) and "bond-hardening" (for high-lying vibrational states) effects in intense laser fields are ex-

plored.

PACS number(s): 34.50.Rk, 33.80.Gj, 33.80.Wz

I. INTRODUCTION

It is now well known that multiphoton dissociation
(MPD) of polyatomic molecules is a rather efficient pro-
cess and can occur in relatively weak infrared laser fields
[1,2]. On the other hand, MPD of small molecules such
as triatomic and diatomic molecules is a slow and
inefficient process, due to the low density and anharmoni-
city of vibrational states. For diatomic molecules, the
nonperturbative time-independent Floquet method and
complex vibrational quasienergy formalism [3] was first
developed in 1981 and applied to the study of intense-
field photodissociation of low-lying vibrational states of
H2+ for intensity up to 5.0X10' W/cm . The laser-
intensity-dependent multiphoton excitation dynamics can
be understood in terms of the avoided crossings of adia-
batic electronic-field potential curves [3]. Subsequently
the Floquet method and an inhomogeneous differential
equation method were extended for the studies of MPD
of H2

+ [4] and HD+ [5] from highly excited vibrational
states. These latter studies were prompted by the first ex-
perimental observation of two-photon dissociation of
HD+ from highly excited vibrational states [6]. These
theoretical investigations revealed that MPD from the
(weaker-bound) high-lying vibrational levels is far more
efficient than from those (tighter-bound) low-lying levels
when the intensity of the laser fields is relatively weak.
Other related theoretical study using different theoretical
methods has postulated the existence of laser-induced
bound states for the Ar2+ system at a laser intensity
around 10" W/cm [7]. All of these earlier theoretical
works, however, were confined to the case of continuous-
wave (cw) laser excitation. Wave-packet dynamics,
laser-pulse effects, and laser-induced bond-softening and

bond-hardening effects (the subject of the present paper)
were not explored in these studies.

Recent advances in high-intensity experiments on mul-
tiphoton and above-threshold ionization of atoms [8]
have stimulated renewed interest in the study of multi-
photon dynamics in diatomic molecules [9—15]. In par-
ticular, experiments on multiphoton dissociation of
molecular hydrogen [9—12] have revealed two notable
intense-field phenomena. (i) The molecules can absorb
more photons than necessary to dissociate the chemical
bond, and the kinetic-energy distribution of the dissociat-
ed fragments shows the appearance of equally spaced
multiple peaks, a phenomenon termed above-threshold
dissociation (ATD) [9,13]. (ii) The H2 chemical bond
can be "softened" in the presence of intense laser fields,
leading to efficient photodissociation of low-lying vibra-
tional levels [9]. The presence of additional internuclear
degrees of freedom in molecules enriches greatly the non-
linear multiphoton dynamics.

In a recent letter [14], we investigated the laser-
induced resonance structure and multiphoton dynamics
of H2+ molecules in intense monochromatic fields and
reported a high-intensity phenomenon: the "hardening"
of molecular bonds and laser-induced stabilization and
population trapping of molecules in intense laser fields.
In the presence of external electromagnetic fields, all vi-
brational levels of H2+ molecules in the ground (lscrs)
electronic state become coupled to the dissociative con-
tinuum of the upper (repulsive) electronic state 2po „. As
a result, all vibrational levels now turn to (shifted and
broadened) quasibound resonance states, which we shall
call the uibrational quasienergy resonances below. Each
vibrational quasienergy resonance state possesses an
intensity- and frequency-dependent complex energy ei-
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genvalue (Ez, —I /2), the real part of which is related to
the ac Stark shift and the imaginary part (width) is
relevant to the MPD-ATD rate [3]. We have determined
for the first time all the complex vibrational quasienergies
of H2+ molecules via a recently developed cornplex-
scaling Fourier-grid Hamiltonian (CSFGH) method
[15,16] within the complex vibrational quasienergy for-
malism [3]. The method is simple to implement and al-
lows accurate and efficient determination of both low-
lying and highly excited vibrational quasienergy reso-
nances simultaneously by a single diagonalization of a
non-Hermitian time-independent Floquet Hamiltonian.

Our Floquet results [14] show that with increasing the
laser field strength the high-lying vibrational states are
stabilized, in contrast to the low-lying states which be-
come less and less stable ("bond softening" [9]). The life-
times of these high-lying resonances increase with the
laser intensity and the molecular bond is thus harder to
break in high fields (which we refer to as "bond harden-
ing"). In addition to the time-independent Floquet calcu-
lations, we also performed a time-dependent MPD-ATD
dynamical calculation [14] for the case of continuous-
wave laser fields with a smooth turning-on (sin ) ramp.
The time-dependent results are in complete consistency
with the time-independent Floquet calculations in the
prediction of laser-induced trapping and stabilization of
high-lying vibrational states.

However, several questions remain open concerning
the feasibility of laser-induced stabilization phenomenon
under the irradiation of realistic short-pulse high-
intensity laser fields. (i) Can the molecules survive the
rising part of the laser pulses before they enter the "stabi-
lized" regime? (ii) How is the intrinsic bond-hardening
phenomenon manifested and what is the peak-intensity
dependence of the molecular stabilization phenomenon
under intense short-pulse conditions? (iii) What is the
effect of initial preparation of vibrational states and the
pulse width on the trapping dynamics? This study is par-
ticularly timely, as experimental studies of MPD-ATD
dynamics using intense short-pulse laser fields are being
pursued in several laboratories. After we finished this
work, we became aware of a related theoretical study on
wave-packet and vibrational trapping dynamics in H2
(at different wavelengths and field strengths and for
different pulse shape) that was performed by Giusti-Suzor
and Mies [17],using a different theoretical technique.

In this paper, we will extend the previous work and ad-
dress these questions by studying the MPD-ATD dynam-
ics of the H2+ molecular ions in intense Gaussian laser
pulses. The peak-intensity dependence of the stabiliza-
tion and trapping dynamics and the correlation between
the MPD-ATD dynamics and the complex vibrational
quasienergies will be focused. In Sec. II we first outline
briefly both the time-independent and the time-dependent
theoretical frameworks. The molecular vibrational reso-
nance structure and the wave-packet dynamics are stud-
ied for cw laser fields. In Sec. III the dynamics of the vi-
brationally excited molecular ions in intense Gaussian
laser pulses is studied in detail for various laser peak in-
tensities, laser-pulse widths, and initial vibrational
preparation. This is followed by a conclusion in Sec. IV.

II. MOLECULAR STABILIZATION
AND TRAPPING IN cw LASER FIELDS

As the time scales we will consider are much shorter
than the rotational time scales (500 fs or longer), the rota-
tional degrees of freedom are frozen and are not involved.
We will thus focus our study on the multiphoton excita-
tion of the vibrational degrees of freedom between the
two lowest electronic states (iso.

g and 2po „)of the H2+
molecular ion. We first discuss the case of continuous-
wave laser excitation. In an intense cw laser field, the
two electronic states are strongly coupled and a tirne-
independent coupled-channel Floquet approach [3] can
be employed to determine the laser-induced vibrational
quasienergies.

Recently a CSFGH method has been developed [16]
and applied to the study of both shape resonances and
MPD-ATD rate [14,15]. The method is simple to imple-
ment and allows efficient and accurate determination of
the complex vibrational quasienergies (Ez, —I /2) of
both low-lying and high-lying excited states without the
need of computing potential matrix elements and impos-
ing any boundary conditions.

Let us consider the response of the H2
+ (with r and R

being, respectively, the electronic and the internuclear
coordinates) in a laser pulse. The Hamiltonian of the per-
turbed molecular system is given by

P(r, R, t) = 1'z +8,&(r, R) +p(r, R) Ej'(t)singlet,

where T~ is the nuclear kinetic-energy operator,
A', &(r, R) is the electronic Hamiltonian, p(r, R) is the di-
pole moment operator, E0 is the field amplitude of the
laser pulse with pulse shape f (t). The Schrodinger equa-
tion under the Born-Oppenheimer approximation can be
reduced to (assuming E0 is parallel to R)

g (R, t)=[1'++0, (R)]g +p(R)Eaf(t)sin(cot)f„,
Bt

(2)

f„(R,t )= [f'z + 02(R) ]g„+p(R)Eaf(t)sin(cot )1(
clt

(3)

where f (R, t) and g„(R,t) are the probability ampli-
tudes at internuclear distance R with the electron being
in the 1s o s and 2p o „states, respectively, 0, ( R ) and
02(R) are the corresponding internuclear potentials, and

p(R) is the transition dipole moment between the two
electronic states. For the present study, we shall use the
velocity gauge for the laser-molecular interaction. As
demonstrated in the previous study [15], for weak to
medium strong fields, the length and velocity gauges give
rise to the same results for complex vibrational quasiener-
gies (E~, —I /2). Thus the restriction to the two elec-
tronic states in the present study using the velocity gauge
is justified. Several authors have recently advocated the
use of velocity gauge in strong fields [13(b),15]. This is
due to the fact that the use of the velocity gauge leads to
vanishing dipolar interaction at large separation R, al-
lowing the reduction of the number of Floquet coupled
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channels in strong-field calculations.
In the case of f (t)=1, i.e., when the perturbation is

periodic in time, Eqs. (2) and (3) can be transformed into
an equivalent time-independent infinite-dimensional Flo-
quet Hamiltonian (HF) eigenvalue problem [14,15,18].
To determine the complex vibrational quasienergy states,
a complex-scaling transformation [18], R ~Re' can be
made which leads to a complex-scaling Floquet Hamil-
tonian HF(Re' ). Instead of expanding the nuclear wave
functions in terms of a set of basis functions (L basis-set
expansion method) as in earlier work [3,4], we can discre-
tize the Floquet Hamiltonian using the Fourier-grid
method [19]. The matrix elements in the Floquet basis
I rx, n ) —=

~
a )

~I
n ) (where

~
a ) denotes the electronic

states and n is the photon Fourier index ranging from—00 to + Oc ) can be written as [14,15]

(R; [HF(Re' )] „g ~IR )

shows they have almost the same energies. This implies
that these resonances are closely associated with the for-
mation of the corresponding adiabatic potential wells.
The imaginary parts (the half-widths) of the correspond-
ing complex energies are displayed in Figs. 2(a) —2(c).
Note particularly the intensity dependence of the rates of
the high-lying resonances. Rapid reduction of the widths
(rates) with laser intensity is observed for these high-lying
resonances. In particular, the widths can be as small as
10 ' a.u. (or the photodissociation lifetimes as long as 1

ns) at I=5 X10' W/cm . Therefore we find that these
high-lying vibrational resonance states are more stable
against dissociation at high intensities than at low intensi-
ties, an unexpected high-field effect which may be termed
as molecular-bond hardening, a manifestation of the
laser-induced stabilization phenomenon. The stabiliza-

=Ie ' (R, ~f'+~R )b,R+[U (R;e' )+nhco]5, ]"
X5 P„+—,'p(R;e' )E05;,.5„+,(1—5 p), (4)

where

L
(R, ~ Tz ~R ) =(1/NbR ) g (k& /2p)exp[ikI(R; —R )],

I =—1.

(5)

0.0

—4,0:

g, 0

Ll, —1

with X being the number of grid points, R =jhR
(j = 1,2, . . . , N ), k&

= Ibk =2rrl/Nb R, and
L =(N 1)/2. Th—e desired complex energies are then
identified by the stationary points of the 0 trajectory of
the complex eigenvalues of the non-Hermitian Floquet
Hamiltonian Az(8). The real parts of the complex ener-
gies correspond to the energies of the shifted vibrational
states in the laser field and the imaginary parts to the
(half) widths (MPD-ATD rates) of the vibrational reso-
nances.

Figs. 1(a)—(1(c) display the adiabatic electronic-field
potential-energy curves at various laser intensities: (a)
I= 10" W/cm, (b) I= 5 X 10' W/cm, and (c)
I= 5 X 10' W/cm . These adiabatic potential curves are
obtained by diagonalizing the electronic-plus-field Hamil-
tonian (the Floquet Hamiltonian H~ excluding the nu-
clear kinetic-energy operator). The wavelength A, =775
nm will be considered throughout the paper, as a most re-
cent MPD-ATD experiment is performed around it [20].
Each adiabatic curve is labeled asymptotically by the Flo-
quet index ~g (or u), n ). The line segments at the left-side
column represent the real parts of the complex energies
of the vibrational resonances. The line segments at the
right columns denote the energy levels supported merely
by their corresponding adiabatic potential surface. It is
seen that while the vibrational level structure is hardly
changed at weak intensity (I=10" W/cm or less), the
potential curves together with the vibrational level struc-
ture are strongly deformed at high fields. In particular,
two or more groups of vibrational resonances are formed
which are separated from each other. A close compar-
ison between the quasienergy resonances at the left
column and the adiabatic levels at the right columns
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FIG. 1. Vibrational quasienergy-level structure and dressed
adiabatic potentials of H2+ in the 775-nm laser fields for laser
intensity I=(a) 10" W/cm, (b) 5X10' W/cm, and (c) 5X10'
W/cm . The line segments at the left column correspond to the
energies of the complex quasienergy states, and the line seg-
ments at the right columns represent the energy levels support-
ed merely by the corresponding adiabatic potential wells. Each
adiabatic potential curve is labeled asymptotically by the Flo-
quet channel index ~g(or u ), n ).
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U, (R) D(R, t )

D(R, t) U (R)

where D(R, t) is the electric dipole coupling term be-
tween the electronic states. In actual calculation, we use
the velocity gauge ( A P) for the dipole coupling.

Let us first consider a special laser field which is turned
on within 20 fs and then held constant. This is a pulse
shape used in many theoretical studies on atomic stabili-
zation in superstrong fields [22]. It is similar to a cw
laser field but with a reasonable (sin ) ramp. Figure 3
displays the time evolution of the wave-packet of the
molecular system in such a laser field. Initially the mole-
cule is prepared at the v = 14 vibrational excited state (see

~ ~ 13the t =0 wave packet) and the laser intensity is 5X10
W/cm . At such high intensity, the inner part of the
molecular wave packet is rapidly dissociated (see t = 10
and 50 fs graphs). Of particular interest to us, however,
is that the outer part of the wave packet is very stably lo-
calized and trapped at long times (t =100, 150, and 200
fs). Moreover, the trapped part is localized at an internu-
clear distance (RO=6. 5 a.u. ), independent of time. This
is due to the special pulse shape we consider and, as we
will see, is generally not the case for a Gaussian pulse.
For this simple cw-like laser case, it is interesting to ob-
serve that R o is precisely the internuclear distance corre-
sponding to the minimum of the uppermost adiabatic po-
tential well (labeled ~g, 0)) at this intensity [c.f. Fig. 1(c)].
It implies the wave packet is trapped by this adiabatic po-
tential well associated with one-photon transition. This
is consistent with the results of the complex quasienergy
lifetime calculations [c.f. Fig. 2(c)] for the highest-lying
vibrational resonances. Therefore in a cw-like field, the
molecule, when being prepared in a highly excited vibra-
tional state, can be stably trapped and localized at a
stretched internuclear distance determined by the adia-
batic potential well around the one-photon crossing.
Preparation of H2

+ molecules in a specific excited vibra-
tional level can be and in fact has been achieved experi-
mentally [6,23]. Extension of this type of experiment to
strong probing laser fields will allow the exploration of
the laser-induced stabilization and chemical bond-
hardening phenomena predicted here and elsewhere [14].

III. MOLECULAR STABILIZATION
AND TRAPPING IN INTENSE GAUSSIAN

LASER PULSES
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inner part of the wave packet is also dissociated quickly
in this case and the outer part, around the peak intensity
of the pulse (t =0), is primarily trapped at a longer inter-
nuclear distance. However, during the trailing edge of

Let us now consider nonstationary laser fields; in par-
ticular, the Gaussian laser pulses with the envelope
f (t)=exp[ —(1/2)(tlat) ], with 2r being the pulse width.
The laser intensity is time dependent for this case and the
time-independent results of the complex quasienergies at
a single intensity is not directly applicable, though they
are still the intrinsic characteristics of the molecule in the
fields.

Figure 4 displays the evolution of the wave packet in
such a Gaussian pulse. The laser peak intensity is
5X10' W/cm and the pulse width is 100 fs. Again the
molecule is initially prepared in the v=14 state. The

I

III'0 ~ 00
0 5 10 15 20

R (Q.L1.)

FIG. 4. Time evolution of the wave packet of the v = 14 high-
ly excited molecule in a Gaussian laser pulse with pulse length
100 fs and peak laser intensity 5 X 10' W/cm . The wave pack-
et is seen to be temporally trapped first at some long distances
around the peak intensity and later on becomes redistributed to
shorter internuclear distances during the turn-off perio of the
pulse.
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FIG. 5. Local probability (defined as the total population
within R ~ 15 a.u. ) for two laser (peak) intensities, (a) 5X10'
W/cm, and (b) 5 X 10' W/cm . The laser-pulse width is 100 fs.
The plateau represents the stable localization and population
trapping regions around the peak intensity.

the pulse, the population feeds back to shorter distances
(lower vibrational states). The trapped population redis-
tributes among different vibrational states as the time-
dependent laser intensity decreases. Evidently this can be
attributed to the collapse of the adiabatic potential well
with decreasing the laser intensities, i.e., to the fact that
the potential well can no longer trap population at large
Ro.

Instead of directly looking at the localized wave pack-
et, we may characterize the localization phenomena by
defining a local probability, i.e., the integrated probability
of finding the molecule between O~R ~R, . The time
dependence of the local probabilities is shown in Fig. 5
for two peak intensities: (a) IO=5 X 10' W/cm, and (b)

Io =5 X 10' W/cm, and for R, = 15ao. All the other pa-
rameters are the same as in Fig. 4. It is seen from Fig.
5(a) that the total local probability decreases, i.e., the
molecule dissociated rapidly during the weak-field region
(the rising part of the pulse). Around the peak intensity,
however, we see a plateau regime (from t =0 to 60 fs), in-
dicating that the total local probability is hardly reduced
in spite of the frequency population exchange between
the 1so. and the 2po. „electronic states. This reAects the
temporary localization of the molecule, as is also seen in
Fig. 4. Note during the falling period of the pulse, the
molecule dissociates and the total local probability drops

once again. In particular, the local probability in the
2po. „state is rapidly reduced at the end of the pulse, as
this part of the wave packet becomes essentially free in
the weak-Geld limit. On the other hand, the local proba-
bility in the 1so state is almost unchanged. In other
words, this portion is completely localized and trapped
after the pulse is over. The trapped population is more
than 26%%uo. Therefore the molecule can easily survive
both the rising and falling edges of the Gaussian pulse
and be substantially trapped.

At higher peak intensity Io = 5 X 10' W/cm [Fig.
5(b)], the local probability decays faster at the early stage
of the pulse. Nevertheless the localization is established
earlier (t = —50 fs) and lasts much longer (from t = —50
to 100 fs). Also more (37%) population is trapped and lo-
calized at the end of the pulse. As a result, the molecule
subject to intense laser pulses can be more readily and
more stably trapped at high peak intensities than at low
ones. This is an unexpected novel intensity-dependent
high-field phenomenon. It is a manifestation of the
bond-hardening effect in the case of the laser pulse and is
qualitatively consistent with the picture obtained from
our time-independent Floquet quasienergy calculations
[14].

In spite of the slow variation of the total local proba-
bility around the peak laser intensity, there is an appre-
ciable dropping in the curve near the trailing edge of the
pulse. The reason can be clearly understood from Fig. 6,
where the time development of the wave packet in the
case of Fig. 5(b) is displayed. While the wave packet is
essentially restricted to the short-distance region R & R,
(R, =15 a.u. ) after t = —50 fs, a large wave packet
spreads very slowly into the longer internuclear distance
region during the falling edge of the pulse. On the con-
trary, the inner part population of the localized wave
packet again feeds back to shorter-distance region (see
the t = 100 fs graph). Here trapping manifests itself not
only in the final trapped portion after the pulse is over,
but in the temporarily trapped part which leaks out slow-

ly with time. The slow leakage effect has recently also
been observed by Giusti-Suzor and Mies [17] who re-
ferred to it as the "n =0 dissociation" (their n =0 chan-
nel is equivalent to our uppermost adiabatic channel
~g, O) indicated in Fig. 1). In their case (A, =248 nm, peak
intensity I~ =5 X 10' W/cm ), the adiabatic curve corre-
sponding to the ~g, O) channel is repulsive and lies above
the n =0 asymptote. This allows a portion of the trapped
wave packet to be pushed above the threshold. In our
case (peak intensity I = 5 X 10' W/cm and A. =775 nm),
however, the uppermost adiabatic potential curve [c.f.
Fig. 1(c)] is still attractive around the one-photon avoided
crossing region. Thus we might attribute the leakage
effect to the fact that the potential well collapses and
therefore can no longer support the temporarily trapped
large-R wave packet as the laser intensity decreases in the
second half of the pulse. This interpretation is consistent
with a comparison between the localized wave packet in
Fig. 6 and the potential well in Fig. 1(c).

The leakage dissociation manifests itself in the proton
kinetic-energy spectrum in Fig. 7 as well, were the low-
energy peak represents the slowly leaking trapped frag-
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tion.
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ment and the high-energy peak corresponds to the disso-
ciation fragment due to one-photon absorption. There is
also a weak third peak corresponding to the ATD pro-
cess. The subpeak structures in the main peaks may be
attributed to the quantum-mechanical interference of the
momentum space distributions produced at the same
laser intensity on the rising and falling edges of the pulse
[24j. The leakage dissociation shown in the first peak can
be regarded as an indirect evidence of the temporary
trapping of the molecule in intense laser pulses. As we
never observe similar behavior in our cw- i e asaser field
studies, we attribute it to a pure pulse-shape eft'ect.

The dynamics of the molecular stabilization depen s
also on the laser pulse length. Figure 8 displays the local
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FIG. 6. Time evolution of the wave packet of the v = 14 high-

ly excited molecule in a 100-fs, 5X10' W/cm Gaussian laser
pulse. The distinct feature in this higher intensity case is the
prominant temporary localization and trapping at some inter-
me iaeind' t '

ternuclear distances and the slow leakage of the wave
packet to larger distances. Redistribution of the wave pac e o
smaller distances near the end of the pulse is also observed, but
not as prominent as the lower intensity case (Fig. 4).
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FIG. 8. Time evolution of the local probability of the Hz+
molecules initially prepared at the v = 14 state driven by a 50-fs,

Fi . 5b5 X 10' W/cm Gaussian laser pulse. As compared to Fig.
the shorter pulse considered here appears to trap less popula-
tion.
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probability under the same conditions as in Fig. 5(b) ex-
cept for a shorter pulse length 2~=50 fs. It is seen by
comparison that stable trapping lasts much longer for the
100-fs pulse than for the 50-fs pulse. This is consistent
with the intensity dependence of the photodissociation
rates shown in Fig. 2. For a longer pulse, there is a
longer period of time around the center of the pulse dur-
ing which the instantaneous intensity is high enough to
stabilize the molecule prepared in the high-lying vibra-
tional states. On the other hand, as is shown in Fig. 8,
significant dissociation occurs during the long "exponen-
tially decaying" tails of the Gaussian pulse we con-
sidered. The total trapped population, therefore, depends
delicately not only on the pulse length but also on the
pulse shape. A detailed study of the pulse-length effect on
the total bound-state (or trapped) population was given in
Ref. [17] using a different, more clear-cut sin pulse. De-
tailed comparison between the present results and those
of Ref. [17] is not straightforward as the pulse shape is
different. More detailed study of the pulse-shape effect
on the final trapped population will be useful.

The dynamics of low-lying vibrational states in intense
laser pulses is different in many aspects from that of the
high-lying ones, such as the v=14 state we have dis-
cussed. Figure 9 shows the time-dependent wave packet
for the molecule initially prepared in the v =5 state. The
pulse shape is also Gaussian and the pulse width is also
100 fs. The peak intensity is 5X10' W/cm . We find
that the low-lying state is quickly and almost completely
depleted by the same pulse used in Fig. 5(b) and Fig. 7.
In contrast to the bond-hardening phenomenon for high-
lying states like v =14, this is a phenomenon of bond-
softening [9]. By comparing with the time-independent
results for adiabatic potentials and quasienergies [c.f. Fig.
1(c)], it is evident that the rapid dissociation of the low-
lying state is due to the exposure of the v =5 state direct-
ly to the dissociation continuum resulting from the in-
creasing multiphoton avoided crossing gap between adia-
batic potentials with increasing laser intensities. Figure
10 displays the proton energy spectrum after the pulse is
over. The first peak here corresponds mainly to the dis-
sociation fragment into the 2po„electronic state due to
the one-photon absorption and the second peak to the
dissociation fragment into the 1so. state due to two-
photon absorption. This second peak thus represents the
dissociation due to ATD, i.e., to the absorption of one
more photon than necessary for dissociation. The spec-
trum here is also different from that of Fig. 7 where the
first peak corresponds to the "leakage dissociation" and
no ATD process is appreciable. Similar to that case, the
main peaks possess interesting quantum-mechanical in-
terference patterns. In Fig. 10, however, there is no
"leakage dissociation" as this is a phenomenon charac-
teristic only for laser-induced stabilization and trapping
of high-lying vibrational states. Therefore the population
is not trapped even temporarily for this low-lying vibra-
tional state. The behaviors of the low- and high-lying vi-
brational states are thus dramatically different in intense
laser pulses.
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0

0 5 10 15 20
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0.0
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FIG. 9. Time evolution of the wave packet of the low-lying
v =5 vibrational state in a 100-fs, 5 X 10' W/cm Gaussian laser
pulse, showing rapid dissociation due to the bond-softening
effect.

FIG. 10. Proton energy distribution for the case of Fig. 9.
The second structured broad peak is due to the ATD process,
and the first one to the lowest-order photodissociation.
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IV. CONCLUSIONS

In summary, we have studied the MPD-ATD dynam-
ics of the molecular H2 ions in intense cw as well as
Gaussian laser fields. The molecules, when initially
prepared in high-lying vibrational states, can easily sur-
vive both the rising and falling edges of the laser pulse
and can be significantly trapped and stabilized. There is
a close correlation between the population trapping and
the intrinsic intensity-dependent behavior of the vibra-
tional quasienergies at high fields, in particular, the
bond-hardening phenomenon. In intense fields, well-
separated and nearly decoupled adiabatic potential wells
are formed which can support long-lived resonance states
and trap significant population. This is exhibited in both
the time-independent Floquet rate calculations and the
time-dependent wave-packet results. In a cw-like field,
the correlation is evidenced by the fact that the wave
packet is localized precisely at the adiabatic potential
well. In a Gaussian laser pulse, however, laser-induced
trapping and localization manifest themselves differently,
in spite of the same intensity dependence as in the cw
case. First, the trapped population can be redistributed
for different internuclear distances as the instantaneous
intensity decreases. Second, the wave packet which is
temporarily trapped at large distances may slowly leak
out for high peak-intensity pulses. The presence of such
low-energy fragments in the proton kinetic-energy spec-
trum is an indication of the temporal trapping. Finally
the subpeak structures in the main peaks of the ATD
spectrum may be attributed to the quantum interferences
of continuum wave packets created at the leading and
trailing edges of the pulse [17,24].

The high-intensity effect of the high-lying vibrational
states we have discussed is contrary to that of the low-
lying states. While the former is more and more stabi-

lized and trapped (bond-hardening), the latter is more
and more rapidly dissociated (bond-softening) with in-
creasing laser intensity. They are all due to the strong
distortion of the molecular potentials and vibrational
structures in intense laser fields.

The population trapping around the three-photon
avoided crossing has recently been observed experimen-
tally [20] for A, =775 nm. In this experiment, a mixture of
initial vibrational levels of H2+ is created following the
multiphoton ionization of H2 molecules. Since the rela-
tive population of the initial vibrational levels was not
determined by the experiment, direct comparison of the
present calculation with the experimental data is not
straightforward. (We also note that in our present study,
we do not include the ionization continuum. A recent
study by Muller [25] using the length gauge indicates that
the neglect of competition with photoionization can be
justified. ) While our previous study [14] explored the
molecular trapping in different potential wells
("multiple-well trapping"), the present work focuses on
the trapping at the one-photon avoided crossing of the vi-
brationally excited molecules and on the pulse effect on
the trapping dynamics. This has not been explored ex-
perimentally. Preparation of H2+ molecules in a specific
excited vibrational level by different experimental tech-
niques [6,23] may provide a useful test of the present
theoretical results and also facilitate direct comparison of
the present theory with experiments.
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