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Photodissociation of H2
¿ and HD¿ in an intense laser field

A. Kondorskiy* and H. Nakamura†

Department of Theoretical Studies, Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan
~Received 25 July 2002; published 21 November 2002!

The photodissociation of H2
1 and HD1 by an intense laser pulse is investigated by solving the close-

coupling equations without discretization. For the case of H2
1 the photodissociation spectra are calculated

under the condition mimicking the experimental one, and a fairly good agreement with the experiment is
obtained. The uncertainty in the relative phases of initial states is found to lead to somewhat smoothing of the
spectra, depending on the pulse length. It is also found that Raman-type transitions via intermediate dissocia-
tion continuum play an important role in determining the photodissociation spectra. This leads to a population
increase of lower vibrational states and deforms the spectral profile. Dissociation from the lower vibrational
states due to the bond softening is not strong enough. Photodissociation spectra and angular distribution are
calculated also for HD1 under the same conditions as in the H2

1 case. The dipole transitions lead to additional
structures in the energy spectra and angular distribution. There is a noticeable difference in the peak positions
of dissociation spectrum for particles dissociated by the direct electronic-dipole transition and by the transitions
via intermediate bound states. The photodissociation dynamics is further clarified by using the three-
dimensional plots of the spectra as a function of the field intensity and frequency.

DOI: 10.1103/PhysRevA.66.053412 PACS number~s!: 33.80.Wz
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I. INTRODUCTION

Interactions of molecules with intense electromagne
fields are a subject of wide interest and active research
cently. Such phenomena as the above threshold ioniza
and above threshold dissociation@1,2#, bond softening@3,4#,
and bond hardening@5,6# have been actively investigated
the last decade. Significant theoretical interest in these
jects has been focused on the one-electron molecules2

1

and HD1 because of their relative simplicity. Since the fir
two electronic states are energetically well separated f
the higher states, the number of states involved in the p
cesses is not large. It is possible to propose physical pict
of the processes listed above. These molecules represen
damental diatomic molecules, homonuclear and hete
nuclear, and exhibit different features in an intense elec
magnetic field@7,8#.

In the past few years, the experimental technique has b
progressed quite a lot and made it possible to experimen
clarify the photodissociation dynamics of H2

1 and HD1 in
an intense laser field@9–12#. One of the main problems in
the experiment, however, has been the concern about
initial vibrational state distributions of target ions@13#. In
early experiments, the same laser pulse was used to pro
the target molecular ions via multiphoton ionization of ne
tral precursors and to photodissociate the target ions. T
caused the initial-state distribution unknown, and made
analysis complicated because of the presence of neutral
cursors. Recently, this uncertainty has been removed@10# by
producing ions by dc electric discharge and the initial ro
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brational state distribution has been determined relatively
curately. Assuming this state distribution, some experime
and theoretical works have been carried out@14–16#.

However, the initial condition still causes a difficulty for
quantitative comparison between experiment and the
This difficulty concerns about the relative phases of the
tial amplitudes, which cannot be known and should inevi
bly be averaged. Besides, it is crucial to take into accoun
large number of bound states, which causes additional d
culty for quantitative theoretical studies.

The aim of this paper is to apply the recently develop
effective method to studying the dissociation dynamics
H2

1 and HD1 in an intense laser field under the conditio
that mimic the experimental ones. The theoretical appro
used here is the close-coupling method based on the t
dependent integral equations~TIE! without any discretiza-
tion of the continuum. This has been successfully applied
the ionization of atoms@17,18#.

It will be demonstrated that various multistep transitio
play crucial roles to determine the energy and angular dis
butions in the photodissociation. These transitions inclu
dissociations via various intermediate discrete states
Raman-type transitions via the continuum and are rather
sitive to the laser parameters.

The organization of this paper is as follows: in the ne
section, the approach recently developed for atoms@17,18#
based on the properties of TIE is reformulated so as to d
with the molecular target. In Sec. III, comparisons betwe
our calculations and experiment@10# for the case of H2

1 are
presented. Effects of initial phase and population as well a
role of Raman-type transitions are discussed. Additional p
cesses that play crucial roles in the case of HD1 are dis-
cussed in Sec IV. A brief summary is presented in Sec. V

II. CLOSE COUPLING APPROACH

A. Basic equations

The time-dependent Schro¨dinger equation for a molecula
system interacting with an external laser field is written a

3,
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F i
]

]t
2Ĥ0~R,r !2~dr1dR!•F~ t !GC~R,r,t !50, ~1!

where Ĥ0(R,r ) is the unperturbed Hamiltonian of the mo
lecular system,dr anddR are the total electronic and nucle
dipole moment, andF(t) is a time-dependent external field
which is supposed to be a linearly polarized femtosec
pulse with a Gaussian profile. As usual,r and R stand for
electron and nuclear coordinate vector, respectively.

We employ the close-coupling method on the basis of
discrete and continuum eigenfunctions of unperturb
Hamiltonian, Ĥ0(R,r ), under the Born-Oppenheimer ap
proximation and expand the total wave function as

C~R,r,t !5 (
n,v,K

anvK~ t !cn~R,r !unvK~R!e2 iEnvK•t

1(
n,K

E bnqK~ t !cn~R,r !unqK~R!e2 iEnqK•tdq,

~2!

wheren is the index to represent electronic bound statev
andq are the similar indices for nuclear motion,v for vibra-
tion andq for the momentum of dissociation continuum, a
K is the rotational quantum number. The functionscp(R,r)
andun$vq‰K(R) are the corresponding electronic and nucle
stationary-state wave functions,EnvK are the energies of th
discrete states,EnqK5q2/2 is the energy of the continuum
state, andanvK(t) andbnqK(t) are the unknown coefficients
Atomic units are employed throughout the paper, unless
erwise noted.

Potential-energy curves of the ground and first three
cited electronic states of H2

1 molecule are presented in Fig
1. In the case of external field, with wavelength about 7
nm ('1.6 eV) used in most of the experiments, the ene
difference between the first and second excited poten
energy curves is not smaller than the energy of four photo
Thus the attractive ground state, 1ssg , and the first excited
repulsive state, 2psu , are good enough to be considered
Eq. ~2!. The Hermitian system of coupled equations for t
coefficientsanvK(t) for the discrete states andbnqK(t) for the
dissociation continuum follow from substituting the expa
sion ~2! into Eq. ~1! as

i
danvK~ t !

dt
5 (

n8,v8,K8
UnvK,n8v8K8~ t !an8v8K8~ t !

1 (
n8,K8

E UnvK,n8qK8~ t !bn8qK8~ t !dq ~3!

and

i
dbnqK~ t !

dt
5 (

n8,v8,K8
UnqK,n8v8K8~ t !an8v8K8~ t !

1 (
n8,K8

E UnqK,n8q8K8~ t !bn8q8K8~ t !dq8, ~4!
05341
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Un$vq‰K,n8$v8q8%K8~ t !5F~ t !•^un$vq%K~R!eiEn$vq%K•tudn,n8
(e)

~R!

1d(N)~R!uun8$v8q8%K8

3~R!e2 iEn8$v8q8%K8•t&, ~5!

dn,n8
(e)

~R!5^cn~R,r !udrucn8~R,r !&,

d(N)~R!52
e

2

M02M1

M01M11m
R, ~6!

where M0 and M1 are the masses of the nucleus (M0
.M1), m is the mass of electron, ande is its charge. The
first and second terms in Eq.~3! describe the bound-boun
and free-bound transitions, respectively. In Eq.~4!, the first
sum describes dissociation from all the discrete nuclear st
and the integral term~free-free transitions! corresponds to
nuclear scattering process. In Eqs.~3!–~6!, the basis wave
functions are obtained from numerical solutions of the rad
Schrödinger equation with the potential-energy curves
1ssg and 2psu taken from@19,20# and the electronic tran
sition dipole momentum from Refs.@20,21#.

The nuclear symmetry or asymmetry in H2
1 and HD1

naturally causes differences in transitions and structure
Eqs. ~3! and ~4!. Since the electronic transition dipole mo
ment,dn,n8

(e) (R), couples the two electronic states, 1ssg and
2psu , the nuclear transitions are possible only for boun
free and free-free for the same nuclear rotational quan
number K. Contrary to this, the nuclear dipole mome
which is zero in the case of H2

1 couples the states with
different K under the selection ruleDK561. This can in-
duce bound-bound, bound-free and free-free transiti
within the same electronic state. Thus, naturally, the cas
HD1 is more complicated with the nuclear dipole mome
d(N)(R)52eR/6; while the first term in Eq.~3! vanishes in
the case of H2

1.
The bound-bound transitions can cause resonance eff

Although the matrix elements of bound-free transitions

FIG. 1. Potential-energy curves for the ground and first th
excited electronic states of H2

1 together with schematic radial wav
functions of bound and free states.
2-2
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PHOTODISSOCIATION OF H2
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small compared to that of electronic transitions, the two-s
bound-bound-free transitions via the intermediate disc
state deform the energy and angular distribution of diss
ated particles quite a bit and the bound-free matrix eleme
should be retained.

B. Time-dependent integral equations

To solve the system of coupled Eqs.~3!–~6!, we employ
the recently developed approach@17,18# based on the prop
erties of TIE. The approach has been successfully applie
the problems of ionization of atoms by multicharged io
and by intense laser fields. Here we present the basic e
tions, appropriate for the present case.

Since the free-free matrix elements do not directly aff
the discrete state amplitudes,anvK(t), it is possible to ne-
glect them for the evaluation ofanvK(t). The transitions ne-
glected by this approximation are of third order~bound-free-
free-bound!, actually the role of the free-free transitions w
carefully investigated in Ref.@18#, and this assumption wa
confirmed to work well. Neglecting the second term in t
right-hand side of Eq.~4! and substituting this into Eq.~3!,
one obtains

i
danvK~ t !

dt
5 (

n8,v8,K8
UnvK,n8v8K8~ t !an8v8K8~ t !

1E
t i

t

(
n8,v8,K8

WnvK,n8v8K8~ t,t!an8v8K8~t!dt,

~7!

wheret i is the initial time and the kernelWnvK,n8v8K8(t,t) is
given by

WnvK,n8v8K8~ t,t!52 i E (
n9,K9

UnvK,n9qK9~ t !

3Un9qK9,n8v8K8~t!dq. ~8!

As we use the orthogonal and normalized unpertur
nuclear wave functions, this can be rewritten as

WnvK,n8v8K8~ t,t!52 iF ~ t !F~t!W̃nvK,n8v8K8~ t2t!

3exp@ i ~EnvKt2En8v8K8t!#, ~9!

where the new kernelW̃nvK,n8v8K8(x) is given by

W̃nvK,n8v8K8~x!5E (
n9,K9

^unvK~R!udn,n8
(e)

~R!

1d(N)~R!uun9qK9~R!&

3^un9qK9~R!udn,n8
(e)

~R!

1d(N)~R!uun8v8K8~R!&ei (q2/2)•xdq,

~10!

with
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W̃nvK,n8v8K8~x!5W̃nvK,n8v8K8
* ~2x!. ~11!

The free-free transitions disregarded in Eq.~7! are retained in
the evaluation of Eq.~4! for the continuum amplitudes. Put
ting the solution of Eq.~7! into Eq. ~4!, we can reduce the
problem to the Volterra-type inhomogeneous integral eq
tions with respect tobnqK(t). The details of this method a
well as the generalization of Eq.~7! including the free-free
transitions are discussed in Ref.@18#. In the present calcula
tions we do not take into account the free-free transitions
mentioned above, and solve Eq.~4! without the second term
From the continuum amplitudes,bnqK(t), we can obtain the
photodissociation spectrum by a simple integration.

Since the kernelW̃nvK,n8v8K8(x) defined by Eq.~10! is a
function of the molecular parameters only, we can tabul
this and use it repeatedly in any further calculations irresp
tive of the laser parameters and the initial amplitudes of
discrete states. Equation~7! can be simply solved numeri
cally using the standard algorithms.

The kernelW̃nvK,n8v8K8(x) is a complex function with
oscillatory real and imaginary parts, but the absolute va
decays monotonically with the argument. One numerical
ample is shown in Fig. 2, which is forn5n851ssg of H2

1

with v5v850 andK5K850. It is possible to represent thi
kernelW̃nvK,n8v8K8(x) in terms of several simple exponenti
factors with complex arguments. Figure 2 shows the resul
this approximation with the use of five terms. Although t
approximation seems to work well, it has been found that
final results of dissociation probability are quite sensitive
the error of this approximation. For instance, in the case
Fig. 2, the final error in dissociation probability is 2% forI
51013 W/cm2, FWHM 5 5 fs, andl5100 nm; while it is
10% for l5150 nm and 400% forl5200 nm.

So we have finally decided not to use this analytical a
proximations forW̃nvK,n8v8K8(x) in our present calculations

C. Effects of initial relative phases

In the case of widely distributed initial bound states, t
final dissociation probability depends on the initial relati

FIG. 2. Comparison between real and imaginary parts of

accurate and approximate kernelW̃(1ssg)00,(1ssg)00(t2t).
2-3
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A. KONDORSKIY AND H. NAKAMURA PHYSICAL REVIEW A 66, 053412 ~2002!
phases of the coefficientsanvK(t). The initial phase does no
play any role, when only one discrete state is initially spe
fied. In the experiments of H2

1 @9–12#, however, the initial
condition is given by a wide distribution of target eigensta
and the initial relative phase distribution is, unfortunate
not known. In the present calculations, we have assum
both zero and a uniform distribution of relative phases.

The actual computational scheme is as follows. First,
prepare the time-dependent propagation mat
PnvK,n8v8K8(t), for each specified initial state (n8,v8,K8)
with unity, i.e., zero phase, initial amplitude assumed. O
this matrix is prepared, the discrete state amplitudesanvK(t)
at timet for any initial conditionanvK(t i) can be obtained by
the simple formula,

anvK~ t !5 (
n8,v8,K8

PnvK,n8v8K8~ t !an8v8K8~ t i !. ~12!

The matrixPnvK,n8v8K8(t) is not Hermitian and includes th
information of the continuum obtained from Eq.~4!. The
unitarity is, of course, satisfied as

(
n,v,K

uanvK~ t !u21(
n,K

E ubnqK~ t !u2dq51. ~13!

III. H 2
¿ CASE

A. Comparison with experiment

First, we have carried out calculations of photodissoc
tion spectra under the laser conditions corresponding to th
of Ref. @10#. In this beam experiment, H2

1 ions were pro-
duced in a dc electric discharge ion source, and the disso
tion rate was determined directly.

The initial population of rovibrational states of H2
1 were

separately determined in Ref.@10# from the formation pro-
cess by electron-impact ionization of H2 @16#. In Fig. 3, the
initial populations of H2

1 (1ssg) used in the present calcu
lations are presented. These are the same as in Ref.@10#
except that we do not take into account different rotatio
state distributions for different vibrational states but used
averaged rotational distribution. The relative phases of ini
states are assumed to be equally distributed in the range
0 to 2p.

In the experiment@10#, an intense field was produced b
focusing the laser pulses of various pulse energies
lengths to create various intensities. The pulse energy va
from 0.2 mJ to 1.0 mJ and the pulse length from 120 fs
690 fs. Two wavelengths, 785 nm and 392 nm, were used
our calculations, we have assumed the Gaussian pulse e
lope with FWHM ~full width at half maximum! equal to the
experimental one.

Comparisons between experimental results@10# and our
calculations are presented in Fig. 4. Here, the experime
data are presented in thin line and the present calculation
in thick line. A fairly good agreement is obtained betwe
the two, especially for the positions of main peaks. As
results show, the peak positions and their heights are ra
sensitive to the laser parameters.
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B. Effects of initial phase and population

Since H2
1 is homonuclear and there is no dipole coupli

between the states with different angular-momentum qu
tum numbersK, the transitions among each manifold of th
same angular-momentum can be discussed separately.
total photodissociation spectrum is just the sum of them. F
ure 5 presents the energy distributions for different rotatio
quantum numbers. The bold line represents the total ph
dissociation spectrum, i.e., the sum of the contributions fr
K50;3, and open circles are the results of one effect
rotational quantum number~see the Appendix of Ref.@14#!.
This effective rotational quantum number was actually tak
to be unity in the case of H2 @14#. The good agreement be
tween the two clearly indicates that one can use only
effective quantum number.

In order to investigate the influence of the uncertainty
the relative phases of initial states, we have carried out
calculations for zero and uniform distribution of them. Th
results are shown in Fig. 6, which present the photodisso
tion spectra for the case that all the initial relative pha
assumed to be zero~bold line! and for the case of uniform
distribution ~thin line! for different laser-pulse parameter
The uncertainty in the phases is found to lead to somew
smoothing of the spectra, depending on the pulse durat
The effect is relatively more significant for short pulses a
strong fields. However, for the present purpose of comp
hending the overall physics of the processes, it seems t
alright to use the zero relative phases.

FIG. 3. Initial bound state distribution employed in the calcu
tions: ~a! vibrational states,~b! rotational states.
2-4



gh
th
th
ot

ns

o

the
re-
ck-
al

ears

lly
ns
y,

nd-
tion
tral

und
be-

of

um.
pu-
ith
so-
ess

o
d

in
al

al

nal
ese
dily

ith

n

a-

the

PHOTODISSOCIATION OF H2
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C. Role of Raman-type transitions.

As was mentioned above, the peak positions and hei
of the photodissociation spectra are quite sensitive to
laser intensity. In order to have better understanding of
dependence on the laser intensity, a three-dimensional pl
depicted in Fig. 7 forl5785 nm~1.6 eV!.

In the weak-field case (I &2•1013 W/cm2), in which the
simple perturbation theory works@14#, one-photon transi-
tions prevail. In this range of intensity, the peak positio
i.e., the energies of dissociated particles (Etotal), coincide
with the sum of the photon energy and the binding energy

FIG. 4. Comparison of the photodissociation spectrum w
the experimental data~Fig. 3 in Ref. @10#! in the case of H2

1.
Thin line, experimental data. Thick line, present calculatio
The wavelength, l5785 nm for all cases. ~a!
Epulse (energy of the pulse)50.3 mJ, FWHM~duration! 5 130 fs,
I (intensity)52.531013 W/cm2; ~b! Epulse50.5 mJ, FWHM
5 130 fs,I 54.231013 W/cm2; ~c! Epulse51.0 mJ, FWHM5 130
fs, I 51.531014 W/cm2.
05341
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bound states. In accordance with the perturbation theory,
peak heights are proportional to the product of the cor
sponding bound-state initial population and the Fran
Condon factor. The first factor decays with the vibration
quantum number~Fig. 3!, while the second factor grows with
the photon energy. As a result, the maximum peak app
for the transition from thev59 state (Etotal50.85 eV).

As the laser intensity grows, multiple transitions natura
play significant roles. Since only the bound-free transitio
between 1ssg and 2psu are possible because of symmetr
significant contribution comes from the Raman-type bou
free-bound transitions. These transitions lead to popula
increase of lower vibrational states and deforms the spec
profile.

Since an intense laser field causes ac-Stark shifts of bo
states and boundary of the continuum, dissociation peaks
come wider~this effect is analogous to that in the case
ionization of atoms, see Ref.@22#!. The transitions mainly
depopulate the levels strongly connected to the continu
The free-bound transitions also become significant and po
late the neighboring levels. In the case of short pulse w
wide power spectrum, the effect is enhanced by the re
nance transitions due to the higher harmonics. The proc
leads to the strong one-photon peak corresponding tv
59 (Etotal50.85 eV) that goes down with the intensity an
the peak corresponding tov58 (Etotal50.66 eV) grows, as
seen in Fig. 7.

The mechanism discussed above is clearly illustrated
Fig. 8, which depicts the time variation of each vibration
level population. The populations ofv<8 do not decrease
monotonically, but locally grow in certain time intervals~in
the case ofv<7, the population even exceeds the initi
one!. For instance, thev57 population grows significantly
in the time interval 30;50 fs. Even in the case ofv58, the
population increases at around 50 fs. The higher vibratio
states, on the other hand, depopulate. Eventually, all th
populations decrease and the continuum population stea
increases.

.

FIG. 5. Energy distributions in the continuum for different rot
tional numbers,K, in the case of H2

1. The bold line presents the
total photodissociation spectrum. Open circle, the results with
only effective rotational quantum numberK51 assumed.
l (wavelength)5785 nm, FWHM~duration! 5 65 fs,
I (intensity)53.131013 W/cm2.
2-5
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A. KONDORSKIY AND H. NAKAMURA PHYSICAL REVIEW A 66, 053412 ~2002!
Recently, the enhancement of photodissociation rate
relatively low vibrational states (v56,7) was explained@10#
by the bond softening effect@3,4#. The present close
coupling calculations suggest that this phenomenon is
just due to the bond softening effect, but the Raman t
transitions also contribute.

Besides, the processes discussed above, i.e., the ste
step multiphoton dissociation~above threshold dissociatio
@1,2#! are also confirmed to contribute significantly. Th
plays a major role in the high-energy region of the spectru
Peaks at energies aboveEtotal51.6 eV in Fig. 7 are ex-
plained by this mechanism.

FIG. 6. Comparison of photodissociation spectra of H2
1 be-

tween the case that all the initial relative phases are assumed
zero ~thick line! and the case of uniform distribution~thin line!. l
5785 nm for all cases:~a! FWHM 5 40 fs, I 52.531013 W/cm2;
~b! FWHM 5 65 fs, I 52.531013 W/cm2; ~c! FWHM 5 130 fs,
I 52.531013 W/cm2.
05341
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IV. HD ¿ CASE

A. Role of bound-bound transitions.

Since there is no experiment available yet for HD1 and it
is interesting to compare with H2

1 case under the same con
dition, we have assumed the same initial conditions as be
~see Fig. 3!.

The reduced mass ratio of HD1 and H2
1 is 4/3 and the

bound-free matrix elements of electronic-dipole transiti
are not very different. The main difference in the dissociat
process is expected to come from the nuclear dipole tra
tions in HD1.

Figure 9 presents the energy distributions of the disso
ated fragments for different angular-momentum quant
numbersK. Our calculations show that the dissociation co
tinuum of the 1ssg state contributes much less than that
2psu state for any pulse parameters, and the difference
the dissociation spectra and angular distribution can be
plained only in terms of the transitions via intermedia
bound states. This means that the energy and angular d
butions should be sensitive to the laser frequency@18#.

Figure 10 shows a comparison of the dissociation spe
with and without the contributions from the bound-bou
transitions. One can easily notice that the new type of tr
sitions produce new peaks at energies that cannot be rea

be

FIG. 7. Three-dimensional plot of photodissociation spectra
H2

1 as a function of field intensity.l5785 nm, FWHM540 fs.

FIG. 8. Time variation of vibrational states populations in t
case of H2

1I 53.1•1013 W/cm2; l5785 nm; FWHM540 fs.
2-6
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PHOTODISSOCIATION OF H2
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by the direct electronic-dipole transitions. Particles with su
energies have different angular-momentum quantum n
bers and angular distributions. The peaks at ener
&1.4 eV are mainly produced by one-photon electron
dipole transition from the states withv57;9, as was dis-
cussed before. The effects of Raman-type transitions
cussed in the preceding section play roles in the dissocia
spectrum in this low-energy region.

The additional structure at higher energies is due to
two-step transitions from deeper bound states. These hi
populated states have no possibilities to dissociate by
only one- but also two-photon direct transitions because
the small Franck-Condon factors in that energy region. T
one-photon nuclear dipole bound-bound transitions fi
populate higher bound states and the next one-pho
electronic-dipole transition leads to the peaks in this ene
region. The corresponding Franck-Condon factors betw
the high bound states and the continuum are big enough

B. Dissociation spectra and angular distributions
as a function of pulse parameters

Figure 11 presents photodissociation spectrum as a f
tion of laser intensity. In the low intensity region, the dire

FIG. 9. Dissociation spectrum for different rotational numbe
K in the case of HD1. l5785 nm, FWHM565 fs, I 53.1
•1013 W/cm2.

FIG. 10. Comparison of the dissociation spectra of HD1 case
with ~thin line! and without~thick line! bound-bound transitions
Parameters are the same as in Fig. 9
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electronic-dipole transitions prevail and the peak structu
discussed above can be observed. When the intensity
creases, two types of competing processes determine
spectral profile. The first one is the same as that discusse
Sec. III and mainly determines the spectral profile at lo
energies. The second type of processes are the two-step
sitions from deep bound states discussed in the prece
section. At high intensities, the latter processes become
nificant.

The frequency dependence of the spectra is presente
Fig. 12. At low frequencies up to one half of the dissociati
energy of the lowest state, the multistep bound-bound tr
sitions play important roles. The frequency dependence
complicated in this region. At higher frequencies (1.3 eV
two distinct sets of peaks corresponding to the first and s
ond types of processes coexists. When the frequency exc
2.6 eV, the one-photon bound-bound transitions are not p
sible and the high-energy set of peaks can be explaine
the two-photon nuclear dipole bound-free transitions. T
probability of such transitions is smaller than the two-phot
transitions via intermediate discrete state and the corresp
ing peaks become lower.

, FIG. 11. HD1 case. Photodissociation spectra as a function
field intensity.l5785 nm; FWHM540 fs.

FIG. 12. 3D plot of photodissociation spectra of HD1 as a func-
tion of field frequency.I 5831013 W/cm2; FWHM540 fs.
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The competition between the direct electronic-dipole tr
sitions and the two-step transitions via intermediate disc
states determines also the angular distributions. Conside
the fact that a uniform distribution is assumed for the init
relative phases and cross terms between different contin
amplitudes are confirmed to be negligibly small, we can s
plify the expression of angular distribution as

PS q

qD5(
n,K

E ubnqK~`!u2q2dq. ~14!

At low intensities, the angular distribution is mainly dete
mined by the initial population of discrete states with diffe
ent rotational quantum numbers. SinceK51 is the dominant
component, the angular distribution is close to cos2. As the
intensity increases, the nuclear dipole transitions sign
cantly change the population of continuum with different r
tational quantum numbers and so the angular distribution
a wide range of intensity, 6•1013;1.2•1014 W/cm2, it be-
comes closer to cos4. At higher intensities, it becomes mor
complicated.

V. CONCLUSIONS

The photodissociation of H2
1 and HD1 by an intense

laser pulse is investigated by solving the close-coupl
equations without discretization.

For the case of H2
1, the photodissociation spectra h

been calculated under the condition mimicking the exp
mental one and a fairly good agreement with the experim
has been obtained.

The multistep transitions have been found to play sign
cant roles in the photodissociation processes in an inte
er

B

tt

he

.
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laser field. In the case of homonuclear H2
1, only direct

bound-free electronic-dipole transitions are possible. In t
case, the Raman-type transitions via intermediate disso
tion continuum lead to temporal population increase of low
vibrational states and thus, finally, deforms the spectral p
file. This effect has been found to be crucial to explain t
experiment and the bond softening cannot be good enou

In the case of heteronuclear HD1, the additional sequen
tial transitions via intermediate bound states play cruc
roles. The two types of multistep transitions mention
above lead to energetically well separated structures in
dissociation spectra. The competition between the dir
electronic-dipole transitions and the two-step transitions
intermediate discrete states determines also the angular
tribution.

The uncertainty in the initial relative phases has be
found to lead to somewhat smoothing of the spectra, depe
ing on the pulse length.

The calculated results of photodissociation spectra h
been presented in three-dimensional plot by introducing
field intensity or frequency as an extra axis. This is help
for clearly understanding the dependence of photodisso
tion dynamics on the laser parameters.
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@10# K. Sändig, H. Figger, and T. W. Ha¨nsch, Phys. Rev. Lett.85,

4876 ~2000!.
@11# I. Williams et al., J. Phys. B33, 2743~2000!.
@12# W. A. Bryan, A. A. A. El-Zein, T. R. J. Goodworth, W. R
,

.

.

m.

Newell, I. D. Williams, P. McKenna, I. M. G. Johnston, P.
Taday, and A. J. Langley, inProceedings of the 22nd Interna
tional Conference on the Physics of Electronic and Atom
Collisions, edited by S. Datz, M. E. Bannister, H. F. Krause,
H. Saddiq, D. R. Shultz, and C. R. Vane~Rinton Press, Santa
Fe, 2001!.

@13# A. Giusti-Suzor, F. H. Mies, L. F. DiMauro, E. Charron, and B
Yang, J. Phys. B28, 309 ~1995!.

@14# F. von Busch and G. Dunn, Phys. Rev. A5, 1726~1972!.
@15# D. P. D. Bruijn, J. Neuteboom, and J. Los, Chem. Phys.85,

233 ~1984!.
@16# W. Koot, W. V. D. Zanda, and D. D. Bruijn, Chem. Phys.115,

297 ~1987!.
@17# A. Kondorskiy and L. Presnyakov, J. Phys. B34, L663 ~2001!.
@18# A. Kondorskiy and L. Presnyakov, Laser Phys.12, 449~2002!.
@19# H. Wind, J. Chem. Phys.43, 2956~1965!.
@20# F. V. Bunkin and I. I. Tugov, Phys. Rev. A8, 601 ~1973!.
@21# D. R. Bates, J. Chem. Phys.19, 1122~1951!.
@22# L. F. DiMauro and P. Agostini, Adv. At., Mol., Opt. Phys.35,

79 ~1995!.
2-8


