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Molecular stabilization and angular distribution in photodissociation of H2 in intense laser fields
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Photodissociation probabilities of the H2+ molecule calculated from numerical solutions of the time-
dependent Schrodinger equation exhibit minima for high-intensity (10' &I (10' W/cm ) subpi-
cosecond (100 fs) laser-pulse excitation. These minima are shown to correspond to stabilization of the
molecular ion and hence to suppression of the photodissociation by the creation of stable laser-induced
resonances by a laser-induced avoided-crossing mechanism between the field-molecule potentials. Rota-
tional excitations are shown to destroy such stabilization at intensities above 10' W/cm . Angular dis-
tributions of the photofragments demonstrate gradual molecular alignment with increasing intensity.
Bimodal distributions can also occur and they are the signature of the stabilization mechanism.

PACS number(s): 33.90.+h, 33.80.Gj

I. INTRODUCTION

Atomic and molecular radiative interactions at high
laser intensities such that Rabi frequencies approach elec-
tronic frequencies lead to new nonlinear, nonperturba-
tive, physical phenomena such as above-threshold ioniza-
tion (ATI) and very high harmonic generation [1,2].
Since high intensities are achieved only with short (very
often subpicosecond) pulses, then coherent nonperturba-
tive superpositions of quantum states are readily ob-
tained. Both the nonperturbative and the coherent na-
ture of such intense-laser excitations leads to prediction
of stabilization, i.e., suppressions of ionization in atoms
[3—7].

Similar phenomena can also occur in molecular multi-
photon excitations [2,8]. In the present paper, we will
focus on intensities between 10' and 10' W/cm for
which electronic Rabi frequencies approach or exceed
molecular vibrational frequencies. In such cases, a useful
concept derived from a dressed-state representation of
field-matter interactions [1,9], is that of laser-induced
avoided crossings [10—16]. Thus, as illustrated in Fig. 1

for the photodissociation of H2, the initial ground-state
field-molecule potential WI = Vs( Xs )+ n %to crosses the
dissociative W2 = V„( X„+)+(n —1)A'co potential as a
consequence of conservation of total energy after absorp-
tion of one photon. The radiative interaction or electron-
ic Rabi frequency co+, for a field E (t) =Eocos(cot), which
can be written as

the molecular states either in the original unperturbed
(crossing) state representation which we call diabatic
states (dashed lines, Fig. 1). New field-induced states are
obtained by diagonalizing the diabatic potential matrix
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is operative between the two states V and V„, where
d (R) is the electronic dipole moment in atomic units
(a.u. ) and y=5. 85X10 "[I(W/cm )]'~ /a. u. is a unit-
conversion factor. Figure 1 shows that one can describe

FIG. 1. Adiabatic 8'+, 8' (solid lines) and diabatic 8'&,
8'2 (dashed lines) potentials for A, =212.8 nm at I(W/cm ):
curve a, 3.2X 10'; curve b, 2.6X 10'; curve e, 5.2X 10' . Also
shown are diabatic levels, Ud=4, 5, 6 (dotted lines), adiabatic
levels (horizontal bars), and turning points of 8 I (a &, b l ),
8'2 (a2), 8'+ (a+,b+), and 8' (a ) at the energy of Ud=6.
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The upper potential (solid lines, Fig. 1) W+(R) will sup-
port new nuclear bound states y+(R) called adiabatic
states or levels. These states are quasibound, i.e., they
have a finite lifetime or energy width since in the new adi-
abatic representation, both bound y+(R ) and continuum
(dissociative) y (R) states of the adiabatic potentials
W+(R) remain coupled through the nonadiabatic in-
teraction —(iii /2m)( tit (R)~d/dR ~g+(R) )d/dR, where
g+(R) are the laser-induced adiabatic electronic func-
tions [16,17]. A theory of the widths of these laser-
induced quasidegenerate states as a function of molecular
parameters was presented by Bandrauk and co-workers
[14—16] in the dressed-state representation.

Figure 1 is based on the rotating-wave approximation
(RWA), i.e., only resonant transitions are considered. In
general since E(t)=(FO/2)(e' '+e ' '), the first term
induces the resonant transitions, whereas the e '"' term
will induce nonresonant, virtual, transitions. At higher
intensities such that the electronic Rabi frequency co~,
Eqs. (1) and (2), approach the excitation energy, RWA
and Fig. 1 are no longer sufhcient, i.e., more dressed
states must be added [18—20]. Furthermore, in order to
achieve high intensities, short pulses must be used. A
dressed-state representation which depends on a slowly
varying envelope approximation may no longer be ade-
quate. For such a case a full time-dependent treatment
will allow one to cover both limits, i.e., from the slowly
varying envelope limit or dressed-state representation to
the rapidly varying envelope case [21,22]. The latter case
has recently been shown to produce important deviations
from the dressed-state picture as a result of nonadiabatic
transitions induced by the pulse variation itself [22].

In the present paper we shall focus on the photodisso-
ciation of H2 and HD to illustrate by time-dependent
solutions of the Schrodinger equation the phenomenon of
molecular stabilization or suppression of dissociation at
high intensities through the mechanism of laser-induced
avoided crossings illustrated in Fig. 1. Such stabilization
was predicted by Bandrauk and co-workers [14—16] from
the time-independent dressed-state representation, using
the analogy between photodissociation and predissocia-
tion [23]. Recent experiments on intense-field photoion-
ization of Hz have interpreted anomalies in ATI spectra
and proton-kinetic-energy distributions as due to the
laser-induced crossing mechanism [24—29].

In our earlier time-independent or dressed-state work
we have established the general rule of stabilization of
laser-induced molecular states as a result of crossings
(quasidegeneracies) of diabatic and adiabatic levels at
critical field intensities [14—16]. Recent time-dependent
calculations on the H2+ system illustrated in Fig. 1 have
confirmed that stabilization can also occur in photodisso-
ciation induced by short pulses [22,30—32]. In the
present paper, we examine in detail the correlation be-
tween the dressed-state interpretation of stabilization
based on a coupled-equation approach and the exact
time-dependent results based on solutions of the time-
dependent Schrodinger equation. We also examine the
effect of rotational excitations by presenting the photodis-
sociation angular distributions of H2+ in the presence of
short (100 fs) laser pulses at various intensities.

where y is a unit-conversion factor defined in Eq. (2),
d (R ) is the electronic transition moment in a.u. , y, (R ) is
an initial bound-state vibrational function, and y, (R ) is a
final dissociative nuclear function, all parametric ally
dependent on the internuclear distance R. We now re-
place these functions by semiclassical (WKB) functions,
1.e.,

y(R) =C[k (R)] ' sin[/(R)+~/4], (6)

P(R)= f k(R)dR, k(R)= (E —V(R))
a g2

(7)

where V are diabatic potentials, 8', with bound states y„
8'z with continuum states g, . For bound states
C„=[2m cv, /xiii]', and for continuum states C,
= [2m /M ]';m is the reduced mass of the diatom and
rv„ is the local (at v) vibrational frequency. Reexpressing
the functions (6) as exponentials and applying the
stationary-phase approximation, one obtains the
stationary-phase condition for the phase difference
b,p(R ) =$2(R)—p, (R),

=k~(R) —k, (R) .

This defines the crossing point R, when E, =E„ i.e.,
W, (R, )=W2(R, ). Expanding next the phase difference
b,P to second order about R, and performing the Gauss-
ian integral (5) gives for the diabatic photodissociation
linewidth of the initial diabatic level v,

47TCOU
I „= [V~„(R,)] sin [bg(R, )+sr/4],~,AF,

where ~, is the particle velocity at the crossing point R„
AF, is the difference in slope between the diabatic poten-
tials, bI', = dWi /dR dW2/dR ~~, and b—,g(R, ) is now

C

a composite phase integral,

II. SEMICLASSICAL THEORY
OF. LASER-INDUCED RESONANCES

The additional nuclear degree of freedom, R, in H2+ as
compared to atoms leads to the phenomenon of laser-
induced avoided crossings. Such molecular laser-induced
avoided crossings offer the possibility of creating laser-
induced molecular quasibound states (see Fig. 1) or reso-
nances for which a semiclassical stability analysis has
been performed by Bandrauk and co-workers [14—16] in
analogy to the semiclassical theory of molecular predisso-
ciation [23,33]. We summarize here the Fermi golden-
rule weak-field regime and the strong-field adiabatic limit
of radiative interaction.

The diabatic photodissociation width for weak radia-
tive coupling Vg„, Eq. (2), is given by the standard pertur-
bation Fermi golden-rule formula [23,33,34],

r, (cm ') =2~) f y, (R)d (R)y, (R)dR
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R R
b, g(R, )= —f 'k, dR+ f 'k, dR

1 2
R bl=f k,dR+f k, dR . (10)

a+ (b+ ) are now the left (right) turning points of the adi-
abatic level U+ on 8'+(R). The adiabatic state or func-
tion y+(R) is nonadiabatically coupled to the lower po-
tential, W (R), state y (R). The adiabatic Fermi
golden-rule expression for the widths I, becomes now

I, =2~1&x+(R)IV+ Ix (R)&l', (12)

where

fi d8 d
2m dR dR

(13)

In obtaining (10) one uses the semiclassical quantization
b(condition I, '

k, dR =(V&+ I/2)m. , where a, (b, ) is the

left (right) turning point of the diabatic bound-state po-
tential 8', (R ) and a2 is the turning point of the dissocia-
tive potential W2(R). We see in Eq. (10) the appearance
of a new phase and hence new bound state g+(R) trapped
in the potential W+(R)=R'z(R) for a2~R ~R, and

W, (R ) for R, ~ R ~ b, . We furthermore see that the dia-
batic photodissociation width I, or photodissociation

d

rate is zero when bg(R, )+n/4=m m where m is some
integer. This stability of a diabatic resonance, and hence
suppression of photodissociation, i.e., I, =0, occurs at

Ud

such phase integral conditions.
We now turn to the strong-radiative-interaction case or

adiabatic limit where now a significant avoided crossing
(Fig. 1) is to be expected. Thus the new trapped state
y+(R) discussed above with phase b,g(R, ), Eq. (10), will
evolve into a true adiabatic state of the laser-induced adi-
abatic potential, IV+ (R), Eq. (3), with frequency co+ and
phase or action

b+
P+(R) = f k+dR =(v+ + —,

' )~,
a+

1/2

k+ =
2

(E—W+(R)}2m

batic potentials 8' ~+ ~(R) and co+ is the vibrational adi-
abatic frequency. The width of the adiabatic resonance,
Eq. (15), is now a function of the phase integral P which
defines a new state nearly equal to the original adiabatic
state. The exponential factor is the Landau-Zener transi-
tion probability of nonadiabatic transitions [14—16].

In summary, photodissociation widths I, or rates of
Ud

diabatic (weak-field) states, Eq. (9), increase linearly with
intensity I through [V „(R,)] but are further strongly
dependent on an adiabatic phase factor, b, tI}(R, ), Eq. (10).
Adiabatic (strong-field} photodissociation widths I,
Eq. (15), decreases exponentially with increasing intensity
and furthermore vanish whenever there is coincidence
(quasidegeneracy) of adiabatic and diabatic states, i.e., for
values f3=(v+ —,')vr, where U is the diabatic vibrational

quantum number. Semiclassical solutions of the two
coupled differential equations describing the time-
independent Schrodinger equation for the two-potential
system, Eq. (3) and Fig. 1, leads to the following general
rule [14—16,23]: stability of laser-induced resonances or
suppression of photodissociation occurs whenever diabat-
ic states are coincident or quasidegenerate with adiabatic
states. Further stabilization occurs at high intensities
through the exponential Landau-Zener probability in Eq.
(15) which decreases with increasing intensity.

The above analysis applies to the rotating-wave ap-
proximation, i.e., the two-state dressed representation il-
lustrated in Fig. 1. Such an approximation is valid for
electronic Rabi frequencies less than the excitation or
photon frequency. In the present case, A, =212.8 nm
which gives a crossing point R, =3 a.u. (Fig. 1). Thus at
an intensity of 10' W/cm, one obtains from Eq. (2)
coR =5000 cm '=0.6 eV, whereas the corresponding
photon energy —6 eV. Hence, at I=10' W/cm, we
obtain co+ /co h

——0. 1 whereas at I= 10' W/cm,
coR /6)ph 1 . One can therefore expect RWA and hence
Fig. 1 to be applicable up to about 10' W/cm . This is
confirmed by our previous time-independent and time-
dependent calculations which showed that RWA gave
very similar results as the exact treatment at intensities
below 10' W/cm [22]. This allows us therefore to
correlate two-state time-independent calculations with
the full time-dependent calculations in Sec. IV.

8= —,'tan ' [2V~„(R )/[ 8'& (R )
—W2(R ) ] l (14) III. METHOD

and 8 is the nonadiabatic mixing angle [17,23,33].
Introducing the semiclassical approximations (6) for

the adiabatic nuclear functions y+(R), one obtains after
linearization of the diabatic potentials, V „, 8'&, and 8'z
in 8, and integrating at the crossing point R, [16,23], the
laser-induced resonance widths in the adiabatic (strong-
radiative-coupling) limit,

Vg„(R,).
Ao.,AF,

I =—%co expu+ 4 +

R b+P=f 'k aR+f

cos P, (15)

(16)

c, and bF, have been defined in Eq. (9). a and b+ are
the left and right turning points at energy E in the adia-

A. Time independent

Time-independent stationary states of the field-
molecule system were obtained by solving a two-state
coupled equations system in the diabatic representation,
i.e., with the potential matrix given in Eq. (3). The diver-
gent radiative coupling, p(R)=eR /2, which is due to
charge-resonance transitions [35], was truncated smooth-
ly at 20 A, thus ensuring stable results. The coupled
equations were solved by a finite difference method, and
integrated from R =0, where the nuclear functions are
zero, outward past 20 A. Asymptotic analysis of the nu-
clear wave function gives an energy-dependent S matrix,
which in turn gives the position E„(Fig. 2) of the laser-
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induced resonances and their widths I „(Fig. 3)
[15,17—20].

B. Time dependent

For the rotationless calculations the time-dependent
Schrodinger equation for the nuclear states g (R, t) and

x.«, i), x=[x„x.],
Q2p2

iA + y(R, t)
Bt 2m
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d
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FIG. 2. Diabatic vd (dotted lines) and adiabatic v+ (solid
lines) levels, and laser-induced resonance energies E„(cm ')
(horizontal bars) obtained from an S-matrix pole calculation for
the two channels in Fig. 1.
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FIG. 3. Widths I „(cm ') of laser-induced resonances con-
verging to adiabatic levels (a) v,d =0 and (b) 1. Corresponding
energies are shown in Fig. 2 (horizontal bars). Minima occur at
crossings of diabatic levels vd with the adiabatic levels v+ =—v,d

(Fig. 2).
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FIG. 4. Photodissociation probability for initial levels vd =4,
6 for H2+ (solid lines) and HD+ (dashed lines), 100-fs pulses at
A, =212.8 nm.

0.0

is solved using the second-order split-operator method,
where the exponential of the Laplacian is evaluated using
the fast-Fourier-transform method [36—38]. The poten-
tials V (R) and V„(R) are the unperturbed potentials of
H2+, V „(R,t)=(eR/2)EO(t)cosset, where R/2 is the
electronic transition moment ( 1o s i

r
i 2p o „) [35]. Eo( t )

is the pulse envelope taken to be a constant amplitude of
98 fs with a 1 fs rise and fall of the field. The diagonal
permanent transition moment p, was applied for HD+
only, and is defined as p, =(mD —mH )/(mD+mH ) [39].
Such a permanent dipole moment occurs for noncen-
trosymmetric systems, and gives rise to important isotope
effects in high (static) field dissociation.

For calculations including rotation, the nuclear wave
function is expanded into rotational basis functions,
y= [yJ ], where J is the total angular-momentum quan-
tum number. Electronic transitions where AJ=0 were
neglected, hence only AJ=+1 transitions were retained.
This is reasonable because the coupling constant VJJ is
much smaller than VJJ+, for J)0 [40], and all calcula-
tions were performed for initial J=5.5. The potential
matrix has diagonal elements V; (R ) +A N; (N; + 1 ) /
(2pR ), where i =1,2, V, = V, V2= V„, and N, =2k.

i (k =1,2,—3, . . . ), and off-diagonal elements VJJ+,= Vg„[(J+1+mJ)(/+1 —mJ)]'~ /2(J+1). Separate
calculations were done for each positive mJ sublevel. It
should be pointed out that even though single ionization
of H2 at high fields will produce H2+ in states with high J
and low mz, scattering of H2+ with the ionized electron
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will randomize the mJ's. We will show that alignment of
H2+, which occurs with high J and low mJ, can result
from rotational pumping of H2+, and therefore does not
rely on the effect of ionization of H2.

Taking as initial condition y, (R, r =0) [or
(R, t =0)], one propagates in time [Eq. (17)] the

nuclear wavefunction y, (or gJ ) discretized in space,
17 J

allowing us to obtain the ground y (R, t) [or yJ (R, t) ]
and excited y„(R, t) [or yJ (R, t)] nuclear functions

until they propagate freely on the diabatic (unperturbed)
potentials Vg(R) and V„(R) after the end of the pulse.
The time step was taken to be 1/100 of the period of the
laser, and the space grid division was chosen small
enough to ensure that the Fourier transform of the wave
function was bandwidth limited. Enough rotational lev-

I

els were used to obtain converged results, a number
which varied form 9 to 35 for intensities 10' and 10'
W/cm, respectively. After the pulse is over one can in-
tegrate the density ~y„(R, t)~ (or ~gz ~ ) from a point

Rz outside the right turning point of the upper W+ (R )

surface (Rd 3 A) to obtain the dissociation probabilities
Pd (Fig. 4). We note that, in general, one should in-
tegrate the total nuclear wave function to obtain I'd, be-
cause of the possibility of absorbing an even number of
photons leading to dissociation into the ground electronic
state. However, under our conditions only single-photon
absorption was observed, and thus dissociation was ob-
tained only in the excited electronic state.

The angular distribution of products (for initial
J =5.5) is

5 1/2
Pd(8) =

—,', g 8' g j dR
m =0 Q= —1/2 d

max

XJ, ,X=m~
(1V even)

1/2

d n(8) (18)

where d n(8) is the rotation matrix [41], J=X+—,',
mz=m&+ —,', 8' =2 for m&)0 and Rm =1 for m&=0

IV. RESULTS

A. Time independent

Resonance energies E, are shown in Fig. 2, along with
the diabatic E(vd ) (field-free) and adiabatic E (v+ ) levels
[obtained from adiabatic potentials W'+ (R ) ]. Both
E( )vdand E( v)+are obtained as resonances in a 5-
matrix two-channel calculation involving an arbitrary
continuum channel coupled to the molecular potentials
8'or 8'+. In the low-intensity limit the resonances ener-
gies are equal to the diabatic (unperturbed) energies. As
the intensity increases, resonance locking occurs. For ex-
ample, the ud =4 level converges to the adiabatic u+ =0
level. Such locking occurs only for diabatic levels which
are slightly above an adiabatic level at low intensity. The
u =5 and u =9 levels, which are slightly below an adia-
batic level at low intensity, do not converge initially to
any adiabatic level. At higher intensity they eventually
stabilize due to the Landau-Zener effect, Eq. (15). Also,
time-dependent calculation of photodissociation from
v =5 [22] yields no minimum in Pd vs I, unlike results for
v =4 and v =6 (see the next section). Figure 3 shows the
linewidths I „ for resonances converging to u,d—=v+ =0
and 1. Sharp minima in I „occur at those intensities
~here a diabatic level crosses an adiabatic level in Fig. 2.
This confirms the stabilization rule given in Sec. II.
Three minima relevant to our time-independent results,
and shown in Fig. 3, occur at coincidences of vd=4
and v+ =0 (3.2X 10'2 W/cm ), and of vd =6 and
v+ =0, 1 (5.2 X 10', 2. 6 X 10' W/cm ).

A further stabilization is evident in Fig. 3 as the reso-
nance linewidth decreases with increasing intensity. This

I

is consistent with the decrease of the linewidth I, with

increasing intensity, Eq. (15), due to the exponential
dependence on intensity. At high intensity, I) 10'
W/cm, I, &10 cm ', implying that the adiabatic

limit has been reached, and the energy of the laser-
induced resonance is that of the adiabatic level. This is
clearly illustrated in Fig. 2, as all resonances converge to
some adiabatic level u+.

B. Time dependent

Figure 4 shows an initial increase of the dissociation
probability for the initial vibrational levels ud=4, 6, for
Hz+ and HD+. With increasing intensity saturation
occurs, followed by minima (for Hz+ ) at 3.2 X 10'
W/cm for ud =4, and 2. 6 X 10' W/cm for ud =6.
These minima correspond precisely to minima in the
linewidths of v+ =0, 1 (Fig. 3). In all curves in Fig. 4, a
constant plateau is reached at intensities above 5 X 10'
W/cm, and persists at intensities at which the adiabatic
minimum is above the initial diabatic level [22]. Exam-
ination of the kinetic-energy distribution of products
(Fig. 6 in [22]) reveals sharp peaks at high energies, re-
sulting from nonadiabatic transitions from the initial dia-
batic level to more highly excited levels.

For HD+, which now has a permanent dipole moment
p„photodissociation from ud=4 leads to marginal sta-
bilization around 2 X 10' W/cm, while dissociation
from ud =6 is not stabilized at all, except at high intensi-
ties (as is the case for photodissociation from all initial
levels of H2+ and HD ). The isotope effect is most strik-
ing for ud=4 at 3X10' W/cm, where 10% of H2+

versus 100% of HD dissociates. Note that at low inten-
sity the Fermi golden rule applies, so that the curves for
ud =4 of HD+ and ud =6 of H2+ have the same linear
behavior. Note also that the curves for ud=6 of HD+
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and Ud=4 of H2 have the same initial gradient, al-

though the former does not exhibit a minimum. The
difference between the results for Hz+ and HD+ is a
consequence solely of the difFerence in reduced mass,
which leads to diabatic-adiabatic coincidences at different
intensities for difFerent initial levels (the crossing point is
0.02 eV below Ud =2 for H2+ and 0.06 eV above Ud =2 for
HD+). It was found that the diagonal transition mo-
ments p, of HD+ have no inAuence on the results. This
is not surprising, since the laser frequency oscillates too
fast (8.85 fs ') compared to the vibrational spacings
( —0.3 fs ') to cause any purely vibrational transitions.
Thus the isotope effect is solely due to different coin-
cidences of adiabatic and diabatic levels in H2 and
HD+.

The inhuence of rotational excitation has been ad-
dressed previously in Refs. [40,42] in a time-independent
(dressed-state) framework. In the present time-dependent
simulation multiple rotational excitation at intensities of
10' W/cm resulted in no stabilization at all. At lower
intensities, stabilization is observed for initial level vd =4,
J=5.5, m& =0. 5 at 9 X 10' W/cm (Pd =0.31), and for
Ud=6, j=5.5, mJ=0. 5 at 3X10' W/cm (Pd=0. 89),
denoted by dotted lines (squares) in Fig. 5. We extend the
above results to include all rotational mJ sublevels, and
the eff'ect of stabilization of the mJ =0.5 sublevel (where
the molecule is parallel to the field polarization) on the
angular distribution of products. All of the results are
for the initial rotational level J =5.5.

At high intensities, significant rotational excitation can
lead to products with values of J much larger than IJ,
which results in the molecule tending to align itself with
the field (note that linear polarization is used, hence
AmJ=O). However, if one chooses an intensity where
the mJ=0. 5 component is stabilized with respect to the
other sublevels, then one will obtain an angular distribu-
tion which is peaked at higher angles [40]. Angular dis-
tributions for selected intensities and initial levels are
shown in Fig. 6. The solid curve in Fig. 6(a), for Ud =4 at
5X10' W/cm, shows a typical result at low intensity:
the distribution is fairly diffuse with a maximum around

40 with respect to the laser polarization. The same
shape is obtained at the same intensity for vd =6, where
the dissociation probability is near a maximum for
mJ=0. 5 (see Fig. 5). The dashed curve in Fig. 6(a), for
vd =4 at 9X10' W/cm, shows the effect of mild stabili-
zation of the IJ=0.5 sublevel of vd=4: the distribution
is shifted slightly to higher angles, as in previous time-
independent calculations [40,42].

A more significant effect of stabilization on angular dis-
tribution is shown in Fig. 6(b). The solid curve, Ud =4 at
3 X 10' W/cm, shows a typical distribution at high in-
tensity: a more strongly peaked distribution than at lower
intensity, and a maximum around 30 . A distribution of
the same shape was obtained for vd=4 at 10' W/cm .
At 3 X 10' W/cm, the dissociation probability for
vd =6, mJ =0.5 is at a minimum. This results in an angu-
lar distribution for Ud=6 with a peak at 10, and a
higher peak at 55 ' [dashed curve in Fig. 6(b)].

The shift of the angular distribution to higher angles
always occurs when photodissociation from the mJ =0.5
sublevel is at a minimum. Since increasing IJ is
equivalent to decreasing the intensity [40], i.e., weaker ra-
diative coupling, the other sublevels will be destabilized
with respect to the mJ=0. 5 sublevel, and the products
appear at higher angles. Such disalignment of a molecule
undergoing a 2 -X„ transition at high intensity has previ-
ously been predicted from time-independent coupled-
equation calculations for Ar2+ [40,42]. Our time-
dependent results show that even for short pulses (100 fs),
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of the same order as the rotational period (91 fs for
J =5.5 at R =1 A), significant rotational excitation can
occur, leading to alignment or disalignment with the laser
polarization.

V. DISCUSSION

The present results establish laser-induced avoided
crossings as an important source for stabilization of
laser-induced resonances and hence for suppression of
dissociation at high intensities. Two mechanisms are
operative and are summarized by linewidth expressions
(9) and (15). First, coincidence or quasidegeneracy of dia-
batic (zero-field) and adiabatic (field-induced) vibrational
levels results in stable resonances (see Figs. 2 —3). This
translates into minima in the photodissociation probabili-
ties for short-pulse excitation (Fig. 4). Second, with in-
creasing intensity, trapping of the initial state into stable
adiabatic states occurs due to the decoupling of these
states at high intensities, i.e., in the adiabatic regime
nonadiabatic couplings [Eq. (14)] diminish with increas-
ing radiative interaction, or equivalently, with increasing
gaps between the adiabatic potentials W+(R) (Fig. 1)
[14—17,22]. This effect can be explicitly seen in the adia-
batic limit photodissociation width I, , Eq. (15). The

Landau-Zener —type expression shows that adiabatic
widths behave as exp( —aI) at high intensities. This is
corroborated by the envelope of the widths as a function
of I illustrated in Fig. 3. Initially one has the linear dia-
batic regime increase with intensity, Eq. (9), and finally
the exponential decrease, Eq. (15). The minima, corre-
sponding to total suppression of dissociation are of course
the signature of the coincidences of diabatic and adiabat-
ic levels due to the dependence of the widths on the adia-
batic or diabatic phases or actions. Similar stabilization
related to trapping has also been found from simulations
with Gaussian pulses [30—32]. However, in such cases no
correlation with the dressed (time-independent) states has
been performed. We emphasize that using nearly square
pulses as in the present case, stabilization is directly relat-
ed to crossings of diabatic and adiabatic states as dis-
cussed in the previous section.

The effect of rotational excitation, which can go as
high as EJ=35 at 10' W/cm, has been recognized in
previous time-independent calculations [40,42] to stabi-
lize or destabilize laser-induced resonances. Thus diabat-
ic and adiabatic levels which are coincident in a two-
channel calculation [solid lines (circles) in Fig. 5] become
destabilized upon rotational excitation. The stability in-
tensity will therefore move to lower intensities since mul-
tiple excitations to the dissociative (continuum) channels
corresponds to larger effective radiative coupling. This is
clearly seen for the vd =4 level in Fig. 5 where the two-
channel stability intensity decreases from 3.5 to 1X10'
W/cm upon rotational excitation of the mJ 2

com-
ponent of the initial J=5.5 level. Conversely, diabatic
and adiabatic levels which are nondegenerate in a two-
channel calculation, hence implying unstable and there-

fore rapidly dissociating resonances, can be made coin-
cident by rotational excitation, and thus become more
stable (e.g. , Ud =6 level in Fig. 5). However, this is not a
very efficient stabilization mechanism at high intensities,
where rotationally induced coincidence and multiple con-
tinuum excitations compete against each other.

The angular distributions illustrated in Fig. 6 demon-
strate the inhuence of the different dissociation probabili-
ties of each mJ component of an initial J level. At the
stability points of the smallest mJ= —,', Fig. 5, the mole-
cule which is in a parallel orientation (8=0) with respect
to the field is dissociating slower than other mJ com-
ponents which correspond to orientations away from the
parallel one (9)0). In the weak-field, perturbative limit,
one expects a cos 0 distribution for a X~X transition
[41]. Figure 6 shows a peaking of angular distributions at
smaller angles for unstable or rapidly dissociating mJ =

—,
'

components and bimodal (two maxima) for stable or
slowly dissociating mJ =

—,
' components. In the first case,

the other m J components also contribute significantly at
other angles, thus creating a peak at an angle 8%0. In
the last case of a stable mJ= —,

' component (8=0), the
larger m& components are dissociating more rapidly than
the small rnJ components, thus causing the bimodal dis-
tribution as seen in Fig. 6.

The successful correlation obtained between the two-
channel dressed-state time-independent representation
(Figs. 1 —3) and the exact time-dependent results (Figs.
4—6) depend on the applicability of the rotating-wave ap-
proximation up to intensities of about 10' W/cm as dis-
cussed at the end of Sec. II. Deviations occur from this
representation at I= 10' W/cm . Thus Eq. (15) and Fig.
3 predict decreasing dissociation with increasing intensi-
ty, whereas Fig. 4 points to a plateau of around 60% dis-
sociation at I=10' W/cm . This is indicative of the
contribution of higher-order dressed states, An )+1, due
to virtual transitions whenever the Rabi frequency co&,
Eq. (2), approaches the photon frequency [18—20]. Fur-
thermore at such high intensities, the electronic Rabi fre-
quency for the X ~X„ transition approaches the fre-
quency of higher excitation. In particular, recent calcula-
tions for H2+ show that ionization rates approach
10' —10' s ' at I= 10' W/cm [43]. We conclude
therefore that rotational excitations and ionization pre-
clude any stabilization of molecular ions above 10'
W/cm for subpicosecond excitation. The conclusion
seems to be in agreement with recent experiments on
multiphoton ionization of other molecular species such as
I2 and HC1 [44,45].
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