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molecule-field channel states whose occupation numbers
diAer by one photon can be directly coupled by radiative
interaction. In the weak-field limit, these couplings sim-

ply correspond to the allowed one-photon electronic-
rotational transitions A, J,M A', J', M' which are well

described by perturbation theory and conform to the
usual molecular selection rules. However, in the strong-
field limit the radial motion associated with the photodis-
sociation of an initially bound vibrational level is best
solved in full multichannel close coupling.

In order to develop a proper scattering theory the
channel states must be uncoupled at inftnite separation
of the dissociation fragments. This requirement has two
important implications. First, it is critical to choose a
gauge for the radiative coupling in which the molecule-
field Hamiltonian is asymptotically separable, with ei-
genvalues subject to laboratory observations. In the di-

pole approximation the electric field (EF) gauge E r
violates this criterion for the 1scxg 2pa„ transition in
H2+, and the corresponding transition moment ttgEF(R)
derived by Bates' asymptotically diverges as R/2. As
already noted by Chakrabarti, Bhattacharya, and Saha'
for HD+, it is convenient to use the converged radiative
field (RF) gauge A p whenever free-free molecular
transitions are involved. The second requirement is that
any residual radiative interaction of the atomic and ionic
products with the applied laser field must be diagonal-
ized, resulting in field-dressed fragments. To emphasize
this important criterion, any quantum number or expec-
tation value capped by an overbar is meant to designate
a "field-dressed" property of the system. For instance,
the asymptotic energy associated with each channel is

Ed hv(N —n)+EH&„-1+EH+, where EHt„-& denotes
the internal energy of the ground-state hydrogen atom in

the field-dressed atomic state
~
Is) appropriately shifted

by pondermotive quiver energies and ac-Stark shifts. A
set of "field-dressed molecular channel states"

~
a) is ob-

tained by diagonalizing the complete radiative-
electronic-rotation part of the total Hamiltonian at each
R. Such adiabatic molecular states are analogous to the
dressed atomic states. '

Our approach is illustrated in Figs. 1 and 2 for pho-
tons of wavelength X, 329.7 nm. This k was chosen to
introduce an energetically favorable vertical three-
photon transition from the v 0 state of 1sog to the dis-
sociation continuum of the 2po„state. We combine the
two electronic states with up to n = ~ 5 photon states

~
lV —n& to form a radiatively coupled set of ten diabatic

channel states
~

d&
~ y, n&. In Fig. 2 the solid curves

correspond to the diagonal elements Ud d (R ) of the
resultant undressed interaction matrix U(R). The adia-
batic potentials U;;(R) resulting from diagonalization
are presented as dotted potential-energy curves in Fig. 2.
Of course, the adiabatic channel states

~
a) still experi-

ence radial (nonadiabatic) couplings due to the intera-
tomic kinetic-energy operator and either channel basis
will yield equivalent solutions to the close-coupled equa-
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(a) Potential-energy curves of the two electronic
states of H2+ in Fig. 1 dressed with ~ 5 photons of wavelength
329.7 nm. The solid lines correspond to the ten interacting
"diabatic" channel states. Arrows indicate direct radiative
couplings. The dotted lines represent the field-dressed "adia-
batic" curves after diagonalizing the radiative interaction for
I 1.4X10" W/cm'. (b) Enlargement of (a) in the region of
the curve crossing points which dominate the dissociation pro-
cess.

tions.
We want to calculate the photodissociation rate

A, (I,hv) of the Hq (r) molecule in some prescribed ini-
tial bound molecule-field state

~
r) which is produced by

the photoionization of the neutral molecule H2. Starting
with the diabatic basis, we solve the usual close-coupled
equations for a full collision using conventional scatter-
ing boundary conditions for an outgoing wave associated
with each dressed channel state. ' The half-collision
amplitude associated with any prescribed vibrational
state ~F& in a given closed channel

~
a& can be projected

from the numerical results to yield not only the total
broadening, resultant dissociation rate, and associated
ac-Stark shift of the initial bound state, but also the
branching ratio into specific open channels with varying
amounts of absorbed photons. Analysis of our close-
coupled results confirm that the adiabatic vibrational lev-
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els 2 defined by the adiabatic potentials (dotted curves in

Fig. 2) give an excellent quantitative prediction of the lo-

cation of the laser-induced resonances, which are
markedly shifted with respect to the unperturbed diabat-
ic molecular eigenvalues Ed,

The resonance state ~r& —~a, F& decays with a total
rate, A„- gdA; d, equal to the sum of partial rates into
each of the final channel states ~d) =

~ y, n). In our
time-independent calculations this yields a Lorentzian
lineshape with an intensity-dependent half-width
I; hA„-(I) determined by the total photodissociation
rate. Each partial cross section exhibits a similar
Lorentzian shape with the same half-width but a peak
intensity proportional to the branching ratio b;

d/A„-. This Lorentzian-type behavior has been
numerically confirmed over many half-widths I,— of dis-
placement from line center E; which indicates that, in

this intensity and wavelength range, the laser-induced
predissociation is not sufficient to cause any significant
overlap of adjacent vibrational-rotational resonance lev-

els. As can be inferred from Fig. 2(b), the photodissoci-
ation is dominated by the three open channels

( d& ) u, n —I), ( g, n 2&, and ) u, n 3&, with very little
likelihood of "tunneling" into the n 1 channel. The to-
tal width displayed in Fig. 3 for various intensities is
found to vary approximately as I „-~I . The proton
kinetic-energy distribution is shown, consisting of a
series of peaks, with heights that are proportional to the
branching ratio b; &. The most striking and somewhat
paradoxical result is that, in spite of the I dependence,
the n 3 channel dominates only for the lowest intensity
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F&G. 3. Schematic representation of the proton energy spec-
trum in the dissociation process with 329.7 nm and varying in-

tensities. Each peak actually exhibits a Lorentzian shape with

a common width indicated in meV for each intensity. Also

given (in eV) is the energy of the first peaks. The peak widths

and the n 1 and 4 peaks are greatly enlarged for clarity.

and is gradually suppressed when the intensity increases,
to the profit of the n 2 channel.

The explanation of this effect becomes evident in Fig.
2. Once dissociated into the I u, n 3& channel the
separating atomic fragments pass through the

~ g, n =2&
and ~u, n 3) channel crossing at R=3.5 a.u. and the
atoms "return" one quanta of photon energy to the radi-
ation field via stimulated emission. This free-free transi-
tion can be viewed as a kind of dissociative bremsstrah-
lung, or resonant Raman process. Note in Fig. 3 that,
unlike the width, the resonance shift is primarily first or-
der in I, as predicted by the adiabatic

~ g, 0) curve in Fig.
2 which is mainly repulsed downward by direct coupling
to the

~ u, —I) state. The complete implications of these
effects are just being explored, but, especially for longer
wavelengths, with many adiabatic crossings on the way
to dissociation, it would seem that much of the radiation
energy is merely "borrowed" from the radiation field to
catalyze the initial decay of the resonance, and is subse-

quently "returned" to the field via stimulated emissions.
In fact, considering the adiabatic nature of these cross-
ings, it would appear that the more intense the laser, the
less likely the proton energy will be incremented to pro-
duce higher-energy peaks.

Each diabatic channel state in Fig. 2 is associated with
an averaged rotational state simply taken as J=0,
M=O. Basically, we ignore the J J+ 1 branching
and treat the J~ 1 states as perfectly degenerate with J,
with a mean rotational line strength. In strong field
there is a rapid escalation of the branching, the approxi-
mate degeneracy is destroyed, and intermediate sets of
rotational channels must be included. ' A linearly po-
larized laser will prepare a very nonthermal distribution
of ion channel states with J»0, M=0. The resonances
wi11 ultimately branch into open channels dominated by
outgoing spherical waves YJ0(R), which are strongly
peaked along the electron field vector of the pumping
laser. The admixture of J»0 states increases with the
laser intensity and the angular distribution of the frag-
ments will become sharper. The details of such branch-
ing will be presented in further studies. Note that circu-
lar polarization, yielding h,M~O transitions, will destroy
this propensity for spatial distribution peaked along the
field. Such a polarization-dependent angular distribution
has been observed in two experiments on H2 ' and
could be partially due to this optical-pumping effect.

We have assumed that H2+ is prepared in a well-
defined field-dressed resonance state

~
r) =

~ a, v& in the
presence of a strong laser field with constant intensity.
We are prepared to make a concession to the pulse shape
of the laser by performing a subsequent average of the
half-width (I;(1)),„over the intensity variation, but we

are committed to assuming that the laser pulse varies
closely compared to typical collision times involved in the
dynamics of dissociation. We can also envision a two-
color experiment, where the molecular ion is prepared in

a well-defined field-free bound state
~ &, v) with one laser,
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and subsequently dissociated by a second laser from the
initially diabatic resonance state i r) i y, n 0) i t l.
Both such rates are well defined by our calculations, and
we think that the measurement of proton kinetic energy,
simultaneously with the photoelectron energy spectrum
in order to know the Hq vibrational distribution as pre-
cisely as possible, could lead to interesting distributions
strongly dependent on the laser wavelength, intensity,
and polarization.

Also at Laboratoire de Chimie-Physique, 11, rue Pierre et
Marie Curie, 75231 Paris, France.
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