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Laser-induced malecular alignment in dissociation dynamics
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Fragment angular distributions resulting from photodissociation induced by intense, short, lin-
early polarized laser pulses are investigated using a two-dimensional time-dependent split operator
wave-packet propagation technique. The rotational excitation of the molecule leads, in general, to
an alignment of the photofragments with respect to the field polarization vector but, unexpectedly,
the reverse situation may also happen for some specific wavelengths for which fragmentation mainly
occurs in a plane nearly orthogonal to the polarization axis. A detailed and comprehensive inter-
pretation is provided referring to two typical wavelength regimes corresponding either to the blue
or to the red wing of the single photon absorption line shape. The relevant strong field mechanisms
upon which this interpretation rests are, respectively, the bond softening and the vibrational trap-
ping of the molecule by the radiation which induces substantial modifications on the internal force
field, viewed in the radiatively dressed adiabatic frame. An illustrative example, concerning the
photodissociation of an isotropic distribution of ortho-H2 in the Z+(J = 1/2, N = 1, v = 0) initial
state, pertaining to Hund s (b) case, reveals that, at A = 1600 A. , an efBcient alignment is obtained
with femtosecond pulses delivering an intensity in the range 10 —10 W jcm, as a consequence of
the bond softening mechanism. More suprising is the possibility of observing fragments in a near
orthogonal direction to the laser polarization, predicted by the trapping mechanism and confirmed
by quantum calculations at shorter wavelengths, such as A = 800 A.

PACS number(s): 33.80.Gj, 33.80.Wz, 34.50.Ez, 42.50.Hz

I. INTR, DDUCTIQN

Recent progress in laser technology and in understand-
ing atomic behavior in large radiation fields has renewed
interest in the strong laser-induced multiphoton disso-
ciation dynamics of molecules [1]. Both atoms and
molecules are expected to undergo considerable distor-
tion when exposed to intense radiation, but, due to their
additional degrees of freedom which enrich the problem,
molecular processes are even more intriguing. Following
the initial excitation, stimulated absorption and emission
mechanisms taking place during the fragmentation lead
to product distributions (both scalar and vectorial) car-
rying information on the cumulative history of the overall
dynamics. Two basically nonlinear intense field mecha-
nisms resulting from the interplay between the multipho-
ton excitation step and subsequent radiative processes
have recently been reported on in terms of bond soften-
ing (BS) or hardening [2]. The chemical bond can be
softened by the laser-induced. lowering of some potential
energy barriers leading to eKcient and fast photodisso-
ciation of low-lying vibrational levels [3—6]. Conversely,
for some specific frequencies and intensities, the lifetime
of high-lying resonances may increase with, as a conse-
quence, a molecular bond which is harder to break. The
molecule, con6ned by the laser in a finite region of the
phase space, is stabilized through a vibrational trapping
(VT) mechanism [7—11]. These mechanisms have repeat-
edly been evoked when interpreting or controlling scalar
observables, such as total dissociation rates or energy
spectra of the fragments.

Vectorial observables, such as angular distributions of
the &agments, provide a complementary approach for
the detailed understanding of the laser-molecule inter-
action dynamics. The most popular conviction so far ex-
perimentally supported by diferent observations is that
molecules subjected to an intense, linearly polarized laser
radiation preferentially dissociate in the direction of the
polarization axis [3,4,12]. This explains the extensive use,
by some theoreticians, of one-dimensional models where
the fragmentation dynamics for a diatomic molecule is
merely described by a single degree of freedom, namely,
the internuclear distance [7—10,13—15]. Systematic ex-
perimental studies of fragmentation of molecular hydro-
gen in intense laser fields show, however, that the laser
field begins to exert a torque on the molecule, leading
to alignment and dissociation [16—18]. In addition, it is
also observed that, at least for some wavelengths, protons
are emitted along the polarization axis in narrow distri-
butions that become broader as intensity increases [16].
Such experiments motivate the development of models
where rotational degrees of freedom are fully included in
order to provide an interpretation of the intensity depen-
dence of fragment angular distributions. Actually, signif-
icant rotational excitation may take place during short
intense pulses, which, as already discussed in previous
theoretical works, can deeply modify the bond softening
or stabilization mechanisms even by cancelling their ef-
fects for some wavelengths [11,19,20]. Finally, it is also to
be noticed that angular distributions in the photodisso-
ciation of HD+ have recently been investigated to control
a possible isotope separation scheme [21].
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The H2 molecular ion in intense laser fields has been,
during the last decade, one of the most popular systems
of interest, for both experimental and theoretical stud-
ies dealing with above-threshold dissociation, BS and
VT mechanisms, high harmonic generation, and align-
ment [3—10,13—15]. Measurements including kinetic en-

ergy spectra and angular distributions of fragments, as
well as theoretical models for molecular alignment, so
far concern picosecond and subpicosecond laser pulses
with a light intensity ranging from 10i W/cm2 to 10is
W/cm . Moreover, the wavelengths in consideration are
the Nd: YAG (where YAG denotes yttrium aluminum gar-
net) fundamental at 1.064 pm and its harmonics at 532
nm, 355 nm, 213 nm [11,16] or the Ti:sapphire fundamen-
tal at 780 nm and its harmonic at 390 nm [20] or some
others such as 769 nm or 330 nm [13—15,19]. We wish to
emphasize that all these wavelengths lead, in a dressed-
state representation of matter-field interaction [22], to
single photon avoided crossings occurring on the right of
the ground state minimum (i.e. , at larger internuclear dis-
tances than the equilibrium position): a situation analo-
gous to a c+ type of predissociation. As has been pointed
out by Zavriyev et al. [16], for low-lying levels subject to
c+-type photodissociation, it is the BS mechanism which
is the basis for an interpretive scheme of the alignment
process. The other basic mechanism, namely, molecu-
lar stabilization, is attributed to higher vibrational levels
trapped in laser-induced adiabatic potential wells. Such
wells may, however, confine even very low-lying vibra-
tional levels when they result from an avoided crossing
occurring on the left of the ground state minimum (i.e. , at
shorter internuclear distances than the equilibrium posi-
tion), that is, for wavelengths less than 115 nm leading to
a c type of dissociation. Our aim, in this work, is to in-
vestigate fragment angular distributions in a systematic
way by both varying the laser intensity and wavelength
to cover c+ -and c -type dissociation processes and pro-
viding a theoretical background of molecular alignment
phenomena in relation with the BS and VT mechanisms.
Although intense laser pulses leading to c -type curve
crossing for Hz+ (A ( 115 nm) are not yet available, the
somewhat unexpected conclusions (the laser destroying
the alignment), presenting a general range of validity,
can be checked on other systeIns.

The paper is organized as follows. Section II pro-
vides the theoretical background for a time-dependent
quantum model where a properly defined initial state
of the H2 ion is propagated on the lowest two Born-
Oppenheimer potential curves radiatively coupled, in the
so-called length gauge, by a classical laser pulse. The lin-
early polarized laser imposes a privileged direction in the
laboratory frame (the polarization vector) with respect to
which the molecular axis is positioned. The wave-packet
propagation formalism involves two degrees of freedom,
namely, the vibrational-translational motion B interact-
ing, through the field, with the rotation 0 around the
polarization direction. The interaction itself, p, E (the
transition dipole moment P times the electric field 8),
depends upon 0. The computational technique imple-
ments a grid approach for the angle, following a recent
scheme developed by Dateo and Metiu [23], and uses a

unitary short-time propagator combined with split op-
erator method and fast Fourier transforms. Fragment
angular distributions are obtained by time integration of
the instantaneous asymptotic current density Aux. Sec-
tion III presents angle-resolved dissociation probabilities
for two wavelengths close to the maximum of the single
photon absorption line shape of H2+ [for the transition
E+(J = 1/2, N = 1,v = 0) ~ Z+] for difFerent inten-

sities and pulse durations. The dynamics of alignment
and the rotational energy transfer mechanism are thor-
oughly discussed in terms of BS and VT, which result
from the specific laser wavelengths under consideration.
Section IV is devoted to a brief summary and possible
extensions.

II. THEORY

Our purpose is to examine the efI'ect of rotational exci-
tation on the time-dependent multiphoton dissociation of
H2 through the detailed understanding of fragment an-
gular distributions at different laser wavelengths and in-
tensities. Molecular hydrogen ion presents the advantage
of a simple and known structure, involving within the
Born-Oppenheimer approximation two electronic states
well separated from the higher excited electronic mani-
fold. The ground and dissociative states which describe
the dissociation process,

H2+(lsos) + nLu -+ H2+(2po„) m H+ + H(ls), (1)

correspond to (1sos) Z+ and (2po„) Z+ syinmetries, re-
spectively. The potential energy curves, as well as the
electronic transition moment p = (lsos

~

r
~

2po' ), are
taken from Bunkin and Tugov's fit [24]. The potential
curves are displayed in Fig. 1 together with the two ex-
citation wavelengths (A = 800 A. and 1600 A.).

A. Basic features

The determination of the initial state, which is further
used in a time-dependent wave-packet propagation, de-

1Q
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FIG. 1. Hz ground ( Zg ) and first excited ( Z+)
Born-Oppenheimer states potential energy curves (in cm )
as a function of the internuclear distance (in A). The vertical
arrows indicate laser excitation frequencies corresponding to
A = 1600 A. and A = 800 A. wavelengths
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serves particular interest. Basically, two characteristics
of H2+(2Z+) have to be outlined: (i) the absence of spin-
orbit coupling for E states (A = 0); and (ii) the antisym-
metrical behavior of the total wave function for identical
nuclei, which are fermions of half-integer spin. The erst
implies Hund's (b) case [25], where the relevant angular
momentum vectors are indicated in Fig. 2 with respect
to the laser polarization direction f. In traditional nota-
tions I indicates electron total orbital momentum (exclu-
sive of electron spin) and K nuclear rotation angular mo-
mentum (exclusive of nuclear spin). For a Z(A = 0) state,
I is perpendicular to the internuclear axis R, as is K.
The total electron and nuclear rotation angular momen-
tum (exclusive of nuclear and electron spin) N = I + K
is also orthogonal to B. The electronic spin S is decou-
pled from the molecular axis and has a quantum number
S = 1/2 for E; but its projection on R is not defined.
The total angular momentum (exclusive of nuclear spin)
J is obtained. by coupling N and S, namely,

J =K+S (2)

so that the possible values of the quantum number J are
~

N —S ~, N —S
~

+1, . . . , N+ S; that is,

J = N 6 1/2.

We note that J, 1& (the projection of J on the po-
larization axis with the corresponding quantum number
Mg), N, and S are conserved, whereas 0, the projection

A,

of J on molecular axis B, is not a good quantum num-
ber. Finally the initial Z+ state is an eigenfunction of J,
J&, N, S and can, within good approximation, be taken
as the eigenstate of a zeroth order Hamiltonian which
neglects Coriolis interactions of %.I type:

where

h' d' L2
H. &

=—,+ U(r, R)+
2m, dr' 2m.r" (4b)

h2 d
TR (4c)

@2~+ = r R @~~+(r,R)
= r 'R 'P, ((r)C„~(R)

(r-, R
~

A = 0, S = 1/2, J, M~, N),

where P, ~ and 4„~ are the spatial parts of the electronic
orbital and of the nuclear vibrational motions, respec-
tively, r and B being the corresponding electronic and
nuclear coordinates. The angular part is expanded by
using appropriate Clebsch-Gordan coefBcients [26]:

A, S, J, MJ) = ) C(J, MJ
l

N, M+., ,S Ms)

Mm, Ms

x
~

N, A, M~)
~

S, MS). (6)

The second point related with the homonuclear di-
atomic character of the molecule can be worked out by
referring to the total wave function:

4 «, ——@,~+ (r, R)~~ (1,2),

~at — -2 )2mB

U being the potential energy, and m and m being the
electron and reduced mass, respectively. In the Born-
Oppenheimer frame the wave function is written as

Hp ——H, E + T~+ H„g,

FIG. 2. Angular momentum vectors for H2 ( Z+) with re-
spect to the polarization direction.

where y~ is the nuclear spin function. 4q q must be an-
tisymmetric with respect to the interchange 1 ~ 2 of
identical nuclei when these are fermions of half-integer
spin as in H2+ (the spin of the proton is I = 1/2). We
recall that the total nuclear spin number T is either 0
corresponding to a singlet function y~ which is antisym-
metrical, or 1 representing a symmetric triplet function
y~ [27]. For a ground state of Z+ symmetry, T=O and 1
states are associated with rotational levels of even parity
i.e. , N = 0, 2, 4, . . . or odd parity, i.e. , % = 1, 3, 5, . . ., re-
spectively, to ensure the overall antisymmetric character
of 4q q. Because of very small perturbations involving
nuclear spins, singlet(T=O)-triplet(T=1) transitions are
very rare events, such that molecular hydrogen rather
consists of two distinct species: parahydrogen for which
T=O and orthohydrogen for which T=1, and in statisti-
cal equilibrium, at room temperature, the occurrence of
ortho states is three times more probable than the para
ones.

As a consequence of this analysis, the good quantum
numbers for the Z+ ground state of ortho-H2, in Hund's
(b) case, take the following values: A = 0, S = 1/2,J = 1/2, Mg = +1/2, N = 1, such that Eq. (6) leads to
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[
A = 0, S = 1/2; J = 1/2, Mg = +1/2, N = 1)

1
i
N = 1,A = 0, MN = 0) i

S = 1/2, Ms = +1/2) +
~3 ~

N = 1, A = 0, MN = +1)
~

S = 1/2, MS = ~1/2).

In this equation, the signer functions

(0, P
~

N, A, MN) = DM ~ (P, 0, 0)

for A = 0 are nothing but the spherical harmon-
ics YN, M~ (0, p) or associated Legendre polynomials

PN (cos 0) given by [28]

e(t) e e
—(~/~)'

with 7 as the half-width. Finally, W is written as

Vg (R) y(I}}ccc0—(t}cccctct

)/c(R) cos 0e('t) cos cdt V (R)

(15)

DM ~=p(4' 0 o) = N, M~ ( ~ 4')

M (N + MN)!
(N —MN )!

x PN (cos 0). (10)

where V's are the corresponding Geld-free molecular po-
tential energies. Kinetic terms are given by Eq. (4c) for
T~, and by

n'
Tg sin 9—

2mR2 sin0d0 ( d0)
'

The spin-&ee Hamiltonian cannot mix states with difkr-
ent Mg, thus Eq. (8) appears as an incoherent sum of
M~ ——0, +1. We emphasize that to obtain results corre-
sponding to an initial isotropic ensemble of molecules, in
terms of sum of probabilities with Mg = 1/2 and —1/2,
two calculations have to be performed based on Yj 0 and
Yjq (Yj q leading to the same results as Yjq due to the
fact that the total Hamiltonian does not depend upon
the sign of MN), and further combined using Eq. (8).

52 1 d
2~R2 sin 0 dP~

The initial wave packet, prior to the switching on of the
field, is

@(t 0) ~~ ggN~ —p(R)PN (cos 0)e
0 7

B. The two-dimensional short-time propagator
where yz~ 0 is a solution of the radial Schrodinger
equation:

The time-dependent Schrodinger equation, in the
Born-Oppenheimer frame, is written using 2 x 2 matrix
notations as

d + Vg (R) — N(N + 1) —EN„p-
2m dB' ' 2mB'

xygN„p(R) = 0. (19)

H = 1(TR + Tg + Ty) + W(R, 0; t),
'

(12)

1 being the identity matrix, and g and u the electronic
labels of the ground and Grst excited states. The po-
tential part includes the radiative coupling p - t. For a
Z —+ Z transition, the dipole moment is parallel to the
molecular axis R, leading to [29]

where H is the time-dependent total molecule-plus-Geld
Hamiltonian given by

(R, 0, (6; t) = e™~4 M (R, 0; t), (20)

where 4M„ is to be calculated by solving the time-
dependent Schrodinger equation:

The motion associated with the azimuthal angle P re-
mains separated under the action of the P-independent
W, as defined by Eq. (15), and. MN is a good quantum
number describing the invariance through rotation about
the Geld polarization vector. After factorization of this
azimuthal part, the time-dependent total wave packet
can be given the following compact form:

P . 8 = p, (R) cos 0e(t) cos ~—t, ih —4M~ (R, 0; t)

where u is the carrier wave frequency, and the laser pulse
has a Gaussian shape: = [TR+ Tg+ W(R, 0;t)] 4M (R, 0;t), (21)
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with an effective potential term

h2 M2
W M„(R, 9; t) = %V (R, 0; t) +,i

2rnB2 sin2 0
(22)

One of the most popular approaches for solving Eq. (21)
is the use of Fourier transform methodology [30—33].
Problems involving angular variables have, however,
most coInmonly been treated by a square integrable dis-
crete basis set expansion in spherical harmonics com-
bined with a Fourier grid for the radial motion [34,35].
The penalty turns out to be a prohibitive computational
task when the number of spherical harmonics needed
in the expansion is large. Recently, a new numerical
Fourier transform method has been developed by Dateo
and Metiu, based on a grid approach for the angle, im-
plemented into a unitary Cayley scheme combined with

a Feit-Fleck split operator technique [23]. The major
advantage is, of course, the absence of matrix element
evaluations and matrix multiplications other than fast
Fourier transforms. The basic features of the method
[23] which is based on the repeated use of the short-time
propagator U(bt):

4M (R, O;t+bt) = U(bt)4M (R, O;t)
'L= exp ——[T~ + Ts + W'M (t)] bt

x4M„(R, O; t), (23)

involving the value of the effective potential term at time
t, are outlined in the following. Since the three operators
TR, Tg, and %'M~ do not commute, the Moyal formula
is applied twice, to obtain [36]

[T& + Ts + W'M (t)] bt = exp [
—(i/h)W'M 8t/2] exp [

—(i/h)Tsbt/2]

x exp [
—(i/h)TRbt] exp [

—(i/h) Tsbt/2]
x exp [

—(i/h)WM 8t/2] + O(bt ). (24)

All propagators appearing on the right-hand side of Eq.
(24) are treated using the Feit-Fleck technique [30—33],
except the one involving Tg approximated by Cayley's
formula [37,23]

exp [
—(i/h)Tsbt/2] = [1+ (i/h)T ($t/4]

x [1 —(i/h) T+bt/4]
+O(bt ),

which maintains unitarity (Ts being self-adjoint) and is
further implemented in a way that avoids matrix inver-
SlOIl.

The action of potential and kinetic operators on the
wave function 4M (R, O;t) is evaluated by referring to
a combination of coordinate and momentum representa-
tions, as is usual in this context. The Fourier transform
theory associates with the grid points (R„,0~) of the co-
ordinate representation a wave vector grid (k, Kp), and
in what follows the values of the wave function at the grid
points are labeled by the corresponding indices p, q, o.,
and, i.e. ,

N~//2 —1

4„q(t) = ) exp( —ik Rp)4 (t),
a.=—N~ /2

(27b)

R e

where %g and %R are the number of grid points, (p = 1/2
for P = 0 or %s while (p = 1 otherwise. All de-
tails concerning the relations between the grids in the
two representations, as well as the inverse transforms of
Eqs. (27), are indicated in Ref. [23]. The application of
the short-time propagator U(bt) on the wave function
4'(t) is schematically illustrated in Fig. 3. The different
steps corresponding to Eqs. (24) and (25) are organized
as follows IIrom the upper to the lower part of the dia-
gram.

(i) Circles W represent the action of the potential term
which is local in the coordinate representation and results
lIl

4„~(t) = 4~ (R„,O~;t) (26)

The wave functions 4'„p(t),4 ~(t) in a mixed
momentum-coordinate representation are related to
4„~(t), by a cosine transform for 0:

C p q(t) = ) gp cos(vp9q)@p p(t)
w = p (r+dt)

v.q

and a Fourier transform for B:
FIG. 3. Schematic representation for the evaluation of

U(bt)4' (see main text).
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exp [
—(i/h)W'M~(R„, 8~; t)bt/2] 4p q(t).

(ii) The angular kinetic energy is not diagonal in the
plane wave representation. An original procedure based
on a recurrence relation for 4„P(t+bt) in terms of its val-
ues 4„P(t) at an earlier time, in roughly Ns operations,
is given in Ref. [23], and can be recast in the following
compact form:

gp+ia' p+i@„p+i(t + bt) —
gp ia' P4~ p i(t+ bt)

Cp+—,p+ @,p+ (t) + &p ,p@-',p (t) =-O (28)

kinetic energy which is diagonal in a momentum repre-
sentation 4 p obtained by Fourier transforming 4~ p,
an operation symbolized by the vertical rectangle R
[inverse transform of Eq. (27b)]. The result after the T~
rhomb is merely:

exp —(ihk /2m)ht 4 p(t).

The lower part of the diagram is straightforward:
4„&(t+ bt) in the coordinate representation results by
applying the indicated Fourier transforms together with
kinetic and potential operators building up Eq. (24).

(the asterisk indicates the complex conjugate), where
C. Fragment angular distribution

t'2m), .b~
a~p =

~ ~R„+i rplc—pqa~ ~ 4

for P = 1, . . . , Ns —1 and where

4~ ~, (t + bt) = 4„~, i(t + ht) = 0

(29)

(3O)

The observable to be ultimately reached is the &ag-
ment angular distribution de6ned as the probability to
asymptotically (i.e., at t -+ oo and at large nuclear sep-
aration R & Ro) obtain a photofragment in a conical
volume delimited by the solid angle:

is assumed. This is schematically indicated by the square
boxes Tg of Fig. 3 which are reached after an inverse
cosine transform relating 4„~ to 4'„p [inverse transform
of Eq. (27a)] symbolized by the vertical rectangle 8

(iii) The rhomb TR represents the action of the radial

dA = sin 8d8dg (31)

as indicated in Fig. 4. In terms of the 4~ and 4„compo-
nents of the wave packet, defined in Eq. (11), this angular
resolved probability can be written as the triple integral

8+d8/2 P+dQ/2
'P(8, P) = lim d8' sin 8'

8—d8/2 P—d@/2

QC)

dP' dRR' ~C, (R, 8, $;t)~ + ~4„(R,8, $;t)~
Ro

(32)

on the conical volume element R dO. Ro is chosen far
enough that the bound state components of the asymp-
totic wave packet can be safely neglected. It has to be
noticed that a prerequisite of the calculation involved in
Eq. (32) is the accurate knowledge of the asymptotic
wave-packet components 4z and 4„at time t ~ oo.
This constitutes, in general, a real challenge, not only
because of the long propagation time it necessitates, but
basically because of the spreading of the wave packet
on large spatial grids. To overcome this difBculty vari-
ous methods have been suggested, the most efficient one
seeming to be the use of current density combined with
absorbing boundary conditions (so-called optical poten-
tials) [38]. Similarly, one can refer to the radial behavior
of the asymptotic Qux. More precisely, the current den-
sity (or Hux) vector Q being defined as

with

Z = Kg+Su,

4„V'@„—0 I,V'4'„(k = g, il.),2mi
(33b)

FIG. 4. Conical volume delimited by the solid angle
dA = sin Hd8dg in the laboratory frame, through which the
6ux is calculated. The truncated asymptotic cone {R) Rs)
is illustrated by the hatched surface 8 of volume V {see main
text).
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the time-dependent Schrodinger equation leads to are obtained, using Eq. (8), from the following incoherent
sum:

i@,(R & R, ) i'+ i@„(R& R, ) i' = —V' g, (34)

allowing the evaluation of 'P(0, P) in terms of two expres-
sions related by Green's theorem, namely

'P~.~(0, 4) =

x'PM (0, 4),

& (J, Mg
~
N, M~, S, MS)

(39)

—V' dv
which results in

Pg g(0, P) = 1/O'Po(0, P) + 2/O'Pi(0, P). (40)

g dS, (35)

P, and 8, being, respectively, the volume and the sur-
face of the asymptotic truncated cone of Fig. 4. As was
already mentioned, the important simplifying feature is
that the total Aux vector j is radial outside the sphere
of radius Ro defining the asymptotic region of Eqs. (32)
and (35). This can be shown by taking Ro such that,
for B & Ro, the R -dependent rotational part of the
Hamiltonian will be negligible as compared to the radial
kinetic part (i.e. , ~~Ts~~ &( ~~TR~~). The resulting time-
depent coupled equations can be written as

'P~o~(0)

I d0sin0'Pi q(0)
(41)

Finally the cylindrical symmetry with respect to the z
axis (laser polarization direction) manifests itself by P
invariance of the radial flux, such that integration over P
of Eq. (38) merely provides a 2vr factor. The normalized
total 0-dependent dissociation probability is ultimately
given by

dh21d
lA —4 y = — — R@y+Vg4'g —pE cos(cdt) cos(0) 4y~

dt 2m R dA2

'Pg g(0) = d&P, , (0, (6) = 2vr dtR', g&(R„0;t).

(42)

with k g k' = g, u and for R ) Ro. (36) III. B.ESULTS

After straightforward algebra involving multiplication of
Eq. (36) by iII& and subtracting its complex conjugate,
the operation being summed up for k = g and u, one gets

(37)

where gR is the radial part of J. The asymptotic wave
packets @k(R ) Ro), solutions of Eq. (36) without ro-
tational dynamics (calculated at fixed value of 0 and P)
result, through Eq. (37), in a radial flux vector J~(0, P; t)
illustrated in Fig. 4. In other words, the Aux reaching the
cone dO at Bo will remain in this cone at any further time
and will ultimately lead to the fragment angular distri-
bution

P(0 ~)
d'P(0 &)

dA
dt Ro J~(Ro, 0; t). (38)

Practically, this means that wave packets have to be
propagated until they reach B = Ro, where a time-
dependent flux g~(RO, 0; t) is calculated using Eq. (33b),
the final distribution being obtained from Eq. (38). The
necessity of large distance propagation due to important
spreading of the wave packet being avoided, this tech-
nique is much more eKcient and tractable than the one
involved in Eq. (32). It is worthwhile noting that this
analysis is conducted by referring to a given M~, al-
though for conveiuence, the index M~ of 'PM~(0, P) has
been dropped so far [cf. Eq. (38)]. Fragment angular dis-
tributions for an isotropic initial ensemble of molecules

Starting from the H2+(2Z+, v = 0, J = 1/2, N = 1)
state [Eq. (8)], and using a linearly polarized, short, in-
tense laser pulse we study fragment angular distributions
for two different wavelength regimes, as indicated in Fig.
].. The wavelength dependence of possible alignment pro-
cesses is the basic concern of this section. Field intensity,
pulse shape, and duration effects are also analyzed within
a comprehensive interpretation kame.

A. Wavelength dependence of angular distributions

The full two-dimensional calculations which are pre-
sented have been carried out with a Gaussian pulse
[Eq. (14) with 7 10 fs duration] of intensity ranging
from 10is up to 10 W/cm2. Normalized dissociation
probabilities as a function of the detection angle 0 with
respect to the laser polarization vector are gathered in
Figs. 5(a) and 5(b). The upper panel (a) corresponds to
a wavelength A = 1600 A. (taken in the red wing of the
absorption line shape) and shows an intensity-dependent
alignment. As has already been discussed in the litera-
ture [16,20], increasing alignment with stronger laser in-
tensity as compared to the angular distribution with the
2 cos 0 shape [39] expected in the weak field regime for
a single-photon Z-Z direct photodissociation is observed.
A much more surprising result is the one displayed in the
lower panel (b) corresponding to an excitation with a
wavelength A = 800 A (taken in the blue wing of the
absorption line shape) where, unexpectedly, the reverse
situation holds: fragments are less and less aligned with
increasing laser intensity. Normalized dissociation prob-
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Within these assumptions, the single-photon dressed
molecular states of H2 are indicated in Fig. 6. In the di-
abatic frame, where the ground state potential Vg(B) is
merely shifted by the photon energy, the resulting curve
crossing with the excited state potential V„(R) corre-
sponds to one of the two possible configurations: either
a c+-type crossing (right of the equilibrium position) in
the case of A = 1600 A radiation, or a c -type crossing
(left of the equilibrium position) in the case of A = 800k
radiation. These situations are depicted in panels (a)
and (b) of Fig. 6. For intense fields, a more realistic
molecule-plus-field view is the adiabatic frame obtained
by diagonalizing the radiative coupling. Typical adia-
batic potential energy curves (for I = 10 W/cm2 and
0 = 0) are also indicated in Figs. 6(a) and 6(b).

Diff'erent dissociation mechanisms have to be invoked
for the case of c — or c -type crossings, in relation with
the time-dependent behavior of the survival probability,
given as the projection of the 0-fixed total wave packet
on the vibrational states of the ground electronic state:

Psurvival (t)

FIG. 5. Normalized dissociation probabilities 'P „(8)as
a function of the detection angle 8(rad) with respect to the
field polarization direction. The Gaussian pulse duration is

10 fs [cf. Eq. (14) of main textj. The solid line cor-
responds to the weak 6eld —cos 8 shape. The dashed and

dotted lines are for I = 10 W/cm and I = 10 W/cm,
respectively. Panel (a) is for A = 1600 A and panel (b) for
A = 800k.

) l(x,„(a) I
e, M (z, 0=0,y;t))l', (44)

v, k=g, u

which is also indicated in Fig. 6(c), together with the
pulse shape.

abilities 'P, (0), around 0 = 0 and vr, are decreasing
with respect to their standard weak field values given
by 2 cos 0 (i.e. , 1.5). Our aim, besides showing such
wavelength-dependent unexpected behaviors, is to ana-
lyze how the dissociation dynamics proceeds and how
angular momentum is transferred from the electromag-
netic field to the molecule by referring to some nonlinear
intense radiative interaction mechanisms.
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B. One-dimensional Axed-angle models

We claim that at least some of the basic features of the
alignment process can be understood in terms of fixed-
angle one-dimensional models. These models, where the
rotational motions are frozen (Ts = Ty = 0), carry the
angular information only through the radiative interac-
tion term, which can simply be written as proportional
to p, cos 0~I, I being the laser peak intensity. In order
for a Floquet picture to roughly hold, we take a quasi-
continuous wave laser with rising and falling wings iden-
tical to that of the previous Gaussian pulse (7 = 10 fs);
i.e. )

'
~oe

—~'-"~'~ '
for t & t„with to ——35 fs

(te) = ( Ep fortp (t (T, withT =65 fs

~De- '-"- &'i '
for t ) r.

(43)
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FIG. 6. Panels (a) and (b) represent diabatic (dashed
line) and adiabatic (solid line) dressed potentials of H~ with

1600 A and A = 800 A. , respectively. Panel (c) shows
the survival probability as a function of time in femtoseconds
(for 0 = 0) when excited by the long duration laser pulse in-
dicated by the solid line (intensity scale 10 W/cm on the
right). The dashed and dashed-dotted lines correspond to
A = 1600 A and A = 800 A wavelengths, respectively.
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1. c -type crosstng (A = l 600 2) ~ eoooootoo ~ ~ ~ ~0.8 ~ y ~ ~ ~ 1~ ~ te ~ 0~ %

This is the standard case describing multiphoton pro-
cesses abundantly discussed in the literature as the mani-
festation of a new Beld effect called "bond softening. " The
adiabatic potential barrier [Fig. 6(a)] is lowered in an ef-
Bcient way and proportional to the radiative coupling,
i.e. , ~Icos 0. For a given intensity this lowering is much
more important for cos 0 1, that is, for 0 0 or m. For
cos 0 0(0 ir/2) the high potential barrier is hardly
penetrable. At first approximation, molecules roughly
aligned with the field are the ones which eIIIiciently disso-
ciate (the survival probability decreases very fast to zero
as the laser is switched on), leading to photofragments
close to the direction 0 = 0 or vr.

o Q.6

0.4

g 0.2

z 0

0.8
ccf

O 06
Gk

0.4

g 0.2

0

0.5 1

P ~

1.5 2 2.5 3

0 (rad)

2. c -type crossing (A = 800 2)

The high-Beld mechanism which is the leading one is
the "vibrational trapping. " The laser is confining the
molecule in a short distance range internal region. 80% of
the dissociation is temporarily stopped during the laser
pulse and, as indicated. in Fig. 6(c), the final survival
probability remains 0.7. This process can be interpreted
in terms of the wave packet trapped in the upper close
adiabatic potential [Fig. 6(b)]. The increase of the radia-
tive interaction (either for 0 = 0, rr or for stronger fields)
results in even more eKcient trapping, due to the fact
that the remaining kinetic (nonadiabatic) couplings of
the adiabatic frame are decreasing accordingly. More pre-
cisely, the nonadiabatic kinetic couplings, responsible for
the dissociation in this case, are sharply peaked around
the avoided crossing position with a strength roughly
three times larger for 0 z/2 (no coupling at 0 = 7r/2)
than for 0 = 0 or m. The dissociation process is slowed
down for 0 = 0 and m in favor of an increase at angles
close to 0 vr/2 (no dissociation occurring at 0 = vr/2).

C. Predictive ability and limitations
of Axed-angle models

The validity of an interpretive model, such as the one
we are considering, can be checked and so can its pre-
dictive ability. For the critical c -type crossing, it is
naturally expected that the previous trends be enhanced
by increasing the pulse duration or intensity: the system
being more eKciently conBned during a longer time or
in a larger region of space around 0 = 0 or vr, its disso-
ciation is lowered in these directions and the probability
to observe fragments in a plane orthogonal to the laser
polarization direction increases. The result of a full two-
dirnensional calculation with A = 800 A. , I = 10 W/cm
and the long duration pulse of Eq. (43) is compared to
the short pulse case in Fig. 7(a). This comparison (same
intensity, but longer pulse) nicely illustrates the predic-
tive ability of the Bxed-angle model: not only does the
alignment probability decrease, but the final angular dis-
tribution exhibits two clearly marked maxima around a

0.5 1 1.5 2 2.5 3

6 (rad)

FIG. 7. Normalized dissociation probabilities 'P„„(0)as
a function of the angle 0 (rad) with respect to the field po-
larization direction for an excitation wavelength A = 800 A.
Panel (a) corresponds to an intensity I = 10 W/cm, dots
for the short Gaussian pulse and solid line for the long dura-
tion pulse [cf. Eq. (43) of main text]. Panel (b) corresponds
to I = 5 x 10 W/cm with a long duration pulse.

hole at 0 vr/2 for which no dissociation is observed. For
the same long duration pulse, the increase of the Beld in-
tensity up to I = 5 x 10i4 W/cm2 leads to even more
curious results. Actually, interesting observations can be
done by analyzing the outcome of the two-dimensional
calculations of Fig. 7(b): (i) the angular distribution is
more peaked around the hole at 0 vr/2, the amplitude
of the two maxima is enhanced, whereas the angular dis-
tance which separates them is less; (ii) a non-negligible
percentage ( 10%) of fragments is observed in a plane
orthogonal to the polarization direction (0 = ir/2), al-
though there is no radiative coupling at this precise di-
rection; and (iii) a small increase of alignment probability
(at 0 = 0 and n) results in the appearance of two wings
in the angular distribution. If the Brst point is a natu-
ral consequence of the Bxed-angle model, the two others
cannot be explained in the same frame, appearing thus
as limitations of the one-dimensional interpretation.

D. Rotational energy transfer mechanism

The Bxed-angle model, through the analysis of dis-
sociation dynamics on a molecule-plus-field surface (in
B,0 space), indicates that molecules having a given ini-
tial alignment (i.e. , parallel or near orthogonal to the
polarization direction for c — or c -type excitations, re-
spectively) preferentially dissociate following these par-
ticular directions, leading to aligned or out of alignment
photofragments. But obviously such a simple model can-
not account for the rotational excitation occurring during
the dissociation itself which is also responsible for align-
ment, as is clear from recent two-laser experiments on CO
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[17] and I2 [40]. Basically, two rotational energy transfer
mechanisms have been evoked.

(i) Multiphoton interaction involving several absorp-
tion and stimulated emission processes results in an eK-
cient "rotational pumping" to high angular momenta J
[20]. However, for the wavelengths under consideration,
a near resonance single-photon mechanism is the leading
one, thus avoiding high J population. Incidentally, we
note that this is the reason why the distributions pre-
sented in this work are not so sharply peaked.

(ii) A significant torque the laser field begins to exert
on the molecule leads to some preferential alignments
resulting in efficient dissociation [16].

It is precisely this last mechanism which is ignored in
the Bxed-angle model. Its efI'ect can quantitatively be ex-
amined by comparing a full two-dimensional calculation
with a succession of fixed-angle calculations for several
discrete values of 0 taken as a parameter [by neglect-
ing the kinetic terms Ts and Ty of Eqs. (16) and (17)].
The results of these calculations, in terms of fragment
angular distributions, are presented in Fig. 8, for the
long duration pulse of Eq. (43) and a peak intensity of
I = 10 W/cm . The c+ and c cases deserve separate
discussions.

c+-type crossing (A = 1600 A, Fig. 8(a)]

Marked features distinguish the two approaches: the
two-dimensional model not only leads to more aligned
fragments but also results in more efficient total dissocia-
tion probability (Pq i ——0.97) than the fixed-angle model

(Pi q
——0.73). A schematic understanding can be pro-

vided by referring to the local two-dimensional lower adi-
abatic molecule-plus-field potential energy surface (in the
B, 0 space) which monitors the dissociation dynamics. A
three-dimensional (3D) viewgraph of this surface, in the
vicinity of its barrier, is given in Fig. 9. Clearly, in the
Bxed-angle model and with a classical view in mind, only
trajectories with appropriate initial conditions, namely,
along 0 = 0 or vr, can be considered to proceed to the
outer, large distance part of the surface leading to the
dissociative valley. Those starting with 0 vr/2 will be
obstructed by the potential barrier which is hardly pene-
trable at these angles. The two-dimensional model adds
a dynamical IIIexibility to the rotational motion. The
torque which is exerted at short distances allows the tra-
jectories to skirt around the potential barrier and find the
minimum energy pathway towards the dissociative valley
(that is, for directions close to 0 = 0 or vr). The total dis-
sociation probability is thus enhanced. . In the later steps
the large distance dynamics is no longer afFected by an
additioiial torque (due to the B 2 factor in Te) so that
fragment angular distribution is close to its value at the
position of the barrier, where alignment with the field

(0 = 0 or ir) is favored. A closer inspection of Fig. 8(a)
shows that the angular distribution is actually peaked at
angles 0 in the vicinity of 0 and vr, but not accurately
at these values. This is in relation to the long duration
intense pulse which favors an efFicient rotational energy
transfer on the M~ ——+1 components.

g. c -type crossing (A = 800 2, Fig. 8(b)J
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Fragment angular distributions in the direction of the
field (i.e. , at 8 = 0 or m) are more favored in the fixed-
angle model, but the two-dimensional model leads to
some probability at 0 = 7r/2, whereas, as expected, no
such fragments are observed in the fixed-angle model.
Here the dissociation mechanism is initiated by a nona-
diabatic jump from the attractive upper to the repulsive
lower adiabatic surface. This is monitored by a nonadi-
abatic kinetic interstate coupling located at the avoided
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FIG. 8. Normalized dissociation probabilities 'P (8) as
a function of the detection angle 8 (rad) with respect to the
field polarization direction for an intensity of I = 10 W/cm
and the long duration pulse [cf Eq. (43) of. main text] with
two excitation wavelengths A = 1600 A (a) and A = 800 A.

(b). The solid line corresponds to a full two-dimensional cal-
culation and the dotted line to a fixed-angle model result.

0.8

R(A)

0

FIG. 9. 3D schematic view of the lower adiabatic
molecule-plus-field surface in the vicinity of the potential bar-
rier. B is in A. , 8 in rad, and the energies are in cm
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crossing point and presenting an amplitude maximum for
0 7r/2. As has previously been quoted, the kinetic cou-
pling at 0 = 0 or vr is three times less, but somewhat
larger in extension over B. In the fixed-angle model and
again within a classical view in mind, trajectories with
an irutial angle close to a/2 dissociate slightly more effi-
ciently than those with angle 0 = 0 or vr. But statistically,
with an equal weighting for a homogeneous 0 sampling,
the dissociation probability although low is not very 0
sensitive, as there is some surface jump probability even
for 0 = 0 or vr. But, of course, one observes a hole at
0 = 7r/2 where there is no radiative coupling at all. In
the two-dimensional model, the molecule is afEected by
an important rotational momentum at short distances
R, corresponding to the left avoided crossing. Rotational
excitation to 0 m/2, resulting in nonadiabatic jump fol-
lowed by dissociation on the lower adiabatic surface, is
the leading mechanism, as can be seen by a significant
enhancement of fragment angular distribution at 1 and
2 rad. Finally the nonzero fragmentation probability at
0 = vr/2 can be interpreted in terms of the torque which
continues to act on the molecule during later dynamics
on the lower surface.

IV. CONCLUSIONS

In this paper we present an outline for a comprehen-
sive study of the angular distribution of photofragments
resulting from the interaction of a molecular ion with a
short, intense laser pulse. The interpretation relies ba-
sically on the interplay of Geld-induced chemical bond
softening and hardening mechanisms. The rotational ex-
citation process is analyzed in terms of the torque the lin-
early polarized laser exerts on the dissociating molecule.
The widely discussed alignment of the molecular axis
with respect to the polarization vector, leading to frag-

ments along this direction, is related to the bond soften-
ing mechanism occurring in multiphoton excitation pro-
cesses. But the most original finding is the possibility, at
least for some wavelengths, to observe photofragments in
a plane orthogonal to the polarization axis, a possibility
enhanced by the high intensity and the long duration of
the laser pulse. The detailed dynamical understanding
of such data calls for an angle-dependent bond harden-
ing model involving very efBcient trapping in all spatial
directions except a direction quasiperpendicular to the
applied field where fragmentation may take place.

The H2+ ion, to which a large amount of experimen-
tal and theoretical research is currently devoted, is taken
as an illustrative example, although the necessary ad-
justment between molecular force field (potential en-
ergy curves) and laser characteristics to obtain the de-
sired trapping eII'ect requires an intensity regime within
a wavelength domain which is not yet achieved. This is
why future theoretical work has to be oriented towards
other systems by suggesting experiments aiming at the
intense laser control of photo&agment angular distribu-
tions by frequency tuning. Work is also under progress in
our group to analyze in detail the dynamical behavior of
H2 submitted to radiative interaction with longer wave-
lengths for which experimental data are available [16] by
accurately evaluating angle-resolved fragment kinetic en-
ergy distributions in the above-threshold dissociation do-
main.
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