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Branching and angular distribution of photofragments in two-frequency intense-field multiphoton
dissociation of HD¿
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We have investigated the branching ratios and angular distributions of photofragments resulting from the
two-frequency multiphoton dissociation of HD1 from initial bound levelv i50,Ji50 induced by linearly
polarized parallel laser fields of equal intensity of 1 TW/cm2. Both the laser frequenciesv1 andv2 are below
the dissociation threshold withv1,v2. We have used the time-independent close-coupling method. Molecular
rotation has been taken into account withJ50 –9 in each of the two electronic states GS and ES. The photon
absorption channels (n1 ,n2) with n1 ,n250 –3 have been included whenn1 andn2 are the numbers of photons
of frequenciesv1 andv2 absorbed. We have neglected absorption channels when~net! four or more photons
are involved. This necessitates the use of 120 channels. All radiative couplings including those due to the
intrinsic dipole moments of HD1 have been considered in a truncated length gauge form of interaction. In the
presence of intermediate photon vibrational resonance with the GS~1,0! channel, dissociation takes place
mainly through the ES~1,1! channel. But the channel ES~1,2! dominates for frequencyv2 not satisfying the
resonance condition. For linear polarization, preferential photofragment ejection along the field polarization
direction~i.e., u50° or 180°) takes place. On resonance, the angular distribution shows prominent rings that
are peaks on the photofragment distribution away fromu50°. We have presented the photofragment angular
distributions of HD1 for different ~open! photon channels within the framework of dressed state picture,
vibrational trapping and the bond softening, adiabatic path, and the nonadiabatic transition mechanisms.
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I. INTRODUCTION

The multiphoton excitation schemes of molecules w
discrete multifrequency fields have currently generated a
of interest both as a mechanism of controlling molecu
processes and as a means of understanding the basic ph
behind such processes occurring in presence of intense
fields. The multifrequency excitation schemes studied th
retically and experimentally can be basically divided in
two types. In the first type the fields are coherent with sta
phase relations between them and the frequencies are g
ally multiples of one another. The interference between a
plitudes of the different paths from the initial to a final sta
depends on the field characteristics, which are often use
steer the dynamics of a process on a specific course, su
by changing the relative phases of the fields. On the o
hand, two or more lasers with no particular phase relat
between them have often been used to explore different
pects of the laser induced states of an atomic or molec
system. These states arise due to the very considerable
tortion or dressing that such a system undergoes in the p
ence of intense fields. These dressed states due to an in
laser field can most conveniently be investigated by us
another weak probe field. Such pump-probe interacti
have been also explored for many systems for gaining in
mation about the modifications created by the laser in
atomic or molecular system. Theoretically, a perturbat
treatment of the pump field is inapplicable and a perturba
theory for the probe field is reformulated in the basis of
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new dressed states obtained by the action of the pump fi
Specifically, in the molecular context, we may say that
field dressing of the molecule by the pump field implies d
tortion of the electronic charge cloud around the nucl
framework, and produces modification of the molecu
potential-energy surfaces on which the nuclei move. In
pump-probe situation, the transition from one such modifi
potential surface to another is envisaged.

However, this pump-probe picture cannot be appl
when two fields of equal intensities interact with a molecu
system. Both the fields can cause drastic modifications of
potential surface and the resulting motion of the molec
can be very complicated indeed. The best way to calcu
the response of a molecular system is to treat the interac
of these two fields with the molecule on an equal footin
The two fields, acting simultaneously, may modify the tra
sition frequencies, transition widths, and the fragmentat
pattern of the molecule in ways which are not intuitive
obvious and which cannot be estimated without detailed
merical computation.

The simplest one-electron molecule H2
1 and its isotopic

analog HD1 have played key role in the investigation of th
effect of strong fields on molecular dynamics because
their simplicity and their well-known electronic structur
Most of the works on these molecules were concerned w
their dissociation in a single-frequency field@1–3# or in a
bichromatic laser field with two harmonic frequencies be
ing a definite phase relation@4,5#. The two molecules have
identical electronic structure but because of its heteronu
arity, the isotopic substituent HD1 has a strong asymptoti
cally diverging intrinsic dipole moment. Also, its transitio
dipole moment between the lowest electronic states is v
©2003 The American Physical Society01-1
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different from that of H2
1 . The presence of the intrinsic d

pole moment can cause vibrational-rotational virtual tran
tions within the ground electronic state by photon absorpt
or emission. These virtual radiative transitions do have
portant effects on the branching ratios and widths of the m
tiphoton dissociative transitions. Apart from this, the
vibrational-rotational levels can act as intermediate reson
levels. The characteristics of these intermediate resona
will be strongly dependent on both the intense fields pres
for suitable frequencies of these fields.

In a previous paper@6#, it was shown in a crude fashio
how these intermediate levels play a very interesting
significant role in determining the spectrum of the dissoc
tion linewidth in a two-frequency field when both fields ha
similar intensities. It was also shown that the dressing of
potential curves by the two monochromatic fields causes
appearance of laser induced resonant levels with ener
depending on the frequencies of the dressing fields. Th
laser induced resonances were shown to cause both s
enhancements and deenhancements in the multiphoton d
ciation cross sections as the frequencies are changed. H
ever, the interesting feature was the appearance of mul
resonance peaks in the dissociation linewidth when the n
resonant frequency was varied around the dissocia
threshold. In between these peaks the dissociation linew
almost vanishes. These features were explained as being
to the formation of a set of closely spaced resonance le
by the laser fields in the region where only an isolated re
nant level of the free molecule existed. This modification
the energy level structure was due to the distortion of
molecular potential-energy surfaces by the laser fields.
results were obtained by using a one-dimensional mode
the time-independent close-coupling~CC! formulation with a
limited basis set. Apart from the fact that the molecular d
namics may become qualitatively different when rotatio
are included, these limitations did not allow the authors@6#
to investigate two important observable characteristics of
multiphoton dissociation process. These are the branc
ratios of the dissociation fragments to different photon
sorption channels and the angular distribution of these fr
ments in different channels with respect to the direction
the linear polarization of the light fields.

In the present work, we again address the question of
resonant multiphoton dissociation linewidth of HD1 by two
strong linearly polarized fields in the same direction and
equal intensity of 1 TW/cm2. Now the emphasis is on th
branching ratios and the photofragment angular distribut
We show that as the combination of frequencies reaches
required for an intermediate resonance, the branching ra
and the angular distribution undergo drastic changes. In
ticular, the angular distribution patterns on resonances
radically different from the usual above-threshold dissoc
tion ~ATD! patterns investigated earlier@7#, which are also
obtained in the present two-frequency below threshold c
when no intermediate laser induced resonance takes pa
the dissociation process.

As in our earlier works@3,6,7#, we have adopted the time
independent CC formulation@8#. For this time-independen
approach to be valid, the intensities should not vary sign
01340
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cantly on the time scale of the fragmentation process
there should be a sufficient number of field cycles within t
rise time of the pulse which, in turn, should occupy a leng
of time substantially less than the time for which the inte
sity remains essentially constant.

The paper is organized as follows. The following secti
of the paper will provide the theoretical framework necess
to describe the strong field dissociation process. Section
presents the way the calculations have been made and
values of the different parameters considered. Section IV
scribes the results and their theoretical explanation. Sec
V deals with the conclusion.

II. FORMULATION

In the CC approach, the multichannel coupled tim
independent Schro¨dinger equation is solved for the field plu
molecule system. For a fixed total energyET of the system,
the equation is given by

HC~ET!5ETC~ET!. ~1!

After eliminating the center-of-mass motion, the total Ham
tonianH of the interacting field plus molecular system in th
length gauge is

H5TR1H01Vrad
L , ~2!

whereTR is the nuclear kinetic-energy operator correspon
ing to the radial motion of the nuclei with respect to th
center of mass~the coordinate of the radial motion isR), H0
is the Hamiltonian for the rotating molecule~with fixed in-
ternuclear separationR) plus the laser fields in the absenc
of radiative interaction, andVrad

L is the radiative interaction
Hamiltonian between the molecule and the radiation fields
the length gauge.

Thus

TR52
\2

2m

]2

]R2
~3!

and

H05(
j

pj
2

2mj
1TQ~R!1VC~R!1\v1~a1

1a1!

1\v2~a2
1a2!. ~4!

The first term in Eq.~4! represents the kinetic-energy oper
tor for all electrons, the second term gives the rotatio
kinetic-energy operator for the nuclear motion with the int
nuclear separationR as a parameter, the third term is th
Coulomb interaction energy between the charges, and the
two terms give the energies of the radiation fields. For so
ing Eq.~1!, the total time-independent wave functionC(ET)
for a fixed total energyET is expanded in terms of the diaba
tic or the bare molecule plus field channel statesud& which
are eigenfunctions ofH0,

CT~N1 ,N2 ,ET ,R!5
1

R (
d

ud&Fd~R!, ~5!
1-2
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whereFd(R) are the components of the wave vectorF of
radial nuclear motions in channel statesud& and

ud&5uL,J,n1 ,n2&5FL~r ,R!YJM~u,f!uN12n1 ,N22n2&.
~6!

Here L denotes the index of electronic state whose wa
function is FL(r , R), r are the electronic coordinates, an
n1 andn2 are the numbers of photons of frequencyv1 and
v2 absorbed or emitted whose initial numbers wereN1 and
N2, respectively. We have takenv1,v2 and both are below
the dissociation threshold. Thus, hereuN12n1 ,N22n2& is
the photon number state withN12n1 and N22n2 numbers
of photons of frequenciesv1 andv2 present. In our case, a
only two lowest electronic states have been used,L will take
the values of GS and ES for HD1. Since both the concerne
electronic states areS states, the rotational wave function o
the molecule can be represented asYJM(R̂), R̂ being the
angular coordinates of the vectorR with respect to the space
fixed system of axes.J is the rotational quantum number o
the molecule.

The eigenvalue equation for the unperturbed Hamilton
H0 is

H0ud&5Wd
0~R!ud& ~7!

with

Wd
05VL~R!1

\2

2m

J~J11!

R2
2n1\v12n2\v2 ——→

R→`

EL

2n1\v12n2\v2 . ~8!

Wd
0 are the eigenvalues of the channel statesud& with the

origin shifted by the initial energies of the fields, i.e., b
N1\v11N2\v2 . EL is the asymptotic energy of the ele
tronic stateL , whose potential energy is given byVL(R).
The second term of Eq.~8! gives the centrifugal potentia
energy in the angular-momentum stateJ. The observable
asymptotic kinetic energy of the system is given by

«d5E2EL1n1\v11n2\v2 . ~9!

For «d<0 the channeld is closed and for«d.0 it is open.
Since the solution does not depend on the origin of the
ergy scale, all of the energies have been measured with
spect toN1\v11N2\v2, i.e., the initial field energy andE
is the total energy of the system measured from this orig

Thus, substituting Eq.~5! into the Schro¨dinger Eq.~1!, we
obtain the matrix form of the coupled second-order differe
tial equations for the wave functionsFd(R) of the radial
nuclear motions at energyE as

F ]2

]R2
1

2m

\2
~E2U !GF50, ~10!

where
01340
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Udd8~R!5Wd
0~R!ddd81Vdd8~R!dn

18 ,n161dn
28 ,n2

1Vdd8~R!dn
18 ,n1

dn
28 ,n261 ~11!

with @7#

Vdd8~R!5^d8uVrad
L ud&51.17131023DL8L~R!AI

3@~2J811!~2J11!#1/2~21!MS J8 1 J

2M 8 0 M D
3S J8 1 J

0 0 0D . ~12!

Here DL8L(R) is the radial matrix element of the dipol
moment operator between the electronic statesL8 andL in
atomic units,I is the laser intensity in W/cm2, and the result
is in cm21.

Including a finite number (N0) of the channel statesud&,
the coupled equations can be solved for a givenE using the
standard full-collision boundary conditions on the comp
nents of the scattering wave vectorF. The components of the
matrix of the solution,Fd(E,R) , of Eq. ~10! can give us the
required information when the solution is calculated ove
large number of total energies. The component of the w
vector,Fco(R), corresponding to the closed channel deno
by c, asymptotically goes to zero, whileFo8o is described by
an incoming wave in the channelo and an outgoing wave in
another open channelo8 @8#. Thus for each energyE, we
obtain anN0-fold degenerate set of orthogonal energy n
malized solutions, by imposing the following asymptotic b
havior on the radial wave functions:

Fco~R!R→`̃0

and

Fo8o~R!R→`̃S 2m

pko8\
2D 1/2

@e2 ikoRdo8o

2e1 iko8RSo8o~N,E!#/2iR, ~13!

whereS is theN03N0 unitary scattering matrix.
In the present case, the situation envisaged is a h

collision one, which corresponds to the dissociation of
initial field-free bound state abruptly exposed to stro
fields. The full-collision wave functions characterized byF
can be used to describe the half-collision situation in wh
an initial field-free bound statei in a particular closed chan
nel c described byxci is exposed to the lasers incident att
50. The wave packet representing the initial state becom
nonstationary, decaying into the complete set of outgo
states and can be expressed as a linear superposition o
time-independent solutions of Eq.~1!, which are eigenstate
of the total Hamiltonian, as shown by Mies and Giusti-Suz
@8#. Using this picture, the time-independent probabil
Po← i of finding the system in an outgoing wave stateo from
an initial field-free bound statei in a specific closed channe
c with wave functionxci(R) can be obtained as
1-3
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Po← i~E!5u^Fco* ~E,R!uxci~R!&u25uTJM~E,n1 ,n2u i !u2,
~14!

where

TJM~E,n1 ,n2u i !5^Fco* ~E,R!uxci~R!&. ~15!

The transition amplitudeT is obtained from the solution vec
tor F(E,R) of the radial equations. The solution for ea
value ofE gives a set ofP’s for all open channels.

Because of the nonstationary nature of the initial wa
packet in the laser fields, a range of energies around
energies of the laser induced states should contribute to
overlapPo← i . The width of this quantity in the energy sca
should give the rate of the decay of the initial wave pack
At moderate intensities, only a single peak is obtained at
same energy for each~open! photon channel. The peaks fo
all ~open! photon channels have the same width, same p
tion, and normally they are almost Lorentzian in shape. T
implies that the wave packet undergoes an exponential d
in time and a unique dissociation rate is defined from
width of the peak. The position of the resonance peak on
energy scale defines the dynamic Stark shift of the ini
state. It should be stated here that all our present calculat
are for the highest~Lorentzian! peak in the photofragmen
kinetic-energy distribution. There is the possibility of a se
ond lower peak in the fragment kinetic-energy profile at
intermediate and high intensities@6#. It is worth mentioning
here that our time-independent CC approach is rigorous
takes into account the presence of higher peaks~resonances!
in the kinetic-energy spectrum. Equation~14! properly takes
into consideration the higher resonances in the fragm
kinetic-energy profile@6#. The total decay probability in a
steady field must be unity after a sufficiently long time. Th
the integral of the total overlap

Ti~E!5(
o

Po← i~E! ~16!

over the energy should give unity.
The angular distribution of the photofragments from

initial rovibrational levelv i ,Ji is given by Balint-Kurti and
Shapiro@9# as

Pi~u,E0 ,n1 ,n2!5k(
JM

u~ i !JYJM* ~u,f!TJM~E0 ,n1 ,n2u i !u2,

~17!

whereTJM(E0 ,n1 ,n2) is the bound-free transition amplitud
@Eq. ~15!# for n1 and n2 photon absorption at peak energ
E0, andu is the angle between the dissociated fragments
the space-fixedZ axis. The space-fixedZ axis is the direction
of the electric-field vector for linearly polarized light.k is
some specific constant. It may be noted thatPi is indepen-
dent off for axially symmetric molecules.

III. CALCULATIONS

The time-independent close-coupling calculation of
multiphoton dissociation of HD1 from ground vibrational
level in two fields each of intensity 1 TW/cm2 and frequen-
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cies below the dissociation threshold was made by Datta
Bhattacharyya@6#, but the effects of different rotational lev
els were not taken into account by them. However, for
preciation of the complexity of the phenomena and for re
able quantitative estimations it is essential to take rotat
into account. In particular, the treatment of the branch
ratios and angular distributions of the photofragments res
ing from the multiphoton dissociation of HD1 requires a
greatly extended rotational basis set. We have conside
molecular rotation by including 120 channels withJ50 –9.
The initial molecular bound level has been taken to bev i

50,Ji50 and both the laser frequenciesv1 and v2 were
chosen below the dissociation threshold withv1,v2 . v1 is
so chosen that approximates the energy of the vibration
excited ac Stark shiftedv56,J51 level with respect to the
Stark shifted ground levelv i50,Ji50. In HD1, due to mass
difference between the nuclei, theg-u symmetry of the two
lowest Born-Oppenheimer electronic states 1ssg and 2psu

is broken and the degeneracy of the electronic eigenstat
removed by the nonadiabatic interaction due to the nuc
motion. The two new eigenstates GS and ES arising from
diagonalization of the two coupledg-u states of the Born-
Oppenheimer orbitals go asymptotically to the H1 and
D(1s) and H(1s) and D1 states, respectively, with an en
ergy difference of 29.87 cm21 @10#.

The transition dipole moment between the GS and
states asymptotically goes to zero but the permanent di
moment increases linearly withR at largeR. The nonstand-
ard diverging behavior in the length gauge can be chan
by judicious truncation of the interaction. We have includ
an exponentially decaying cutoff functione2a(R2Rcut) in the
linearly diverging dipole matrix elements beyondR5Rcut .
The value ofRcut was adjusted so as to have no effect on
total linewidth. As in our earlier work@3#, the value of 20
a.u. forRcut and 0.5 for the exponenta in the decay function
were found to be satisfactory because here also the intr
tion of the CC was continued upto 40 a.u.

The nonadiabatic potentials of the two lowest states
and ES of HD1 are obtained from the work of Carringto
and Kennedy@11#. The intrinsic electric dipole moments o
HD1 for the GS and ES states are taken from Moss a
Sadler@10#. The transition electric dipole moments of HD1

are calculated from the corresponding Born-Oppenheim
values for transition electric dipole moments of H2

1 , ob-
tained from the works of Bates@12#, by the method provided
by Ghoshet al. @13#. Renormalized Numerov method ha
been used to obtain the time-independent radial solution v
tors by solving the multichannel CC scattering equations.
have properly modified the CC code of Julienne, Mies, a
Sando@14# to use in our work.

Henceforth, during discussion, each channel will be
beled by the number of photons absorbed or emitted, i.e.
the notation (n1 ,n2) and either GS or ES depending o
whether the electronic state involved is the ground bond
state or upper antibonding state and the total angular mom
tum J. The channels may be opened or closed depending
the final energy of the field-free molecule. An open phot
channel with a positive molecular energy indicates disso
1-4
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tion and the kinetic-energy spectrum gives the branching
tios between various open photon channels.

IV. RESULTS AND DISCUSSION

In this work, our aim is to explore the dynamics of th
multiphoton dissociation of the simplest polar molecu
HD1 under two fields of different frequencies which are va
ied within certain limits. The frequency of the first field
which we denote byv1, is varied between 10 000 an
10 100 cm21, keeping the frequency of the second fieldv2
constant.v2 is varied starting from 19 500 cm21 and upto
21 522 cm21, which is the dissociation threshold of the HD1

molecule from the initial v i50,Ji50 level. The one-
dimensional~1D! dynamics of this system was earlier inve
tigated by our group@6#. Through the present 3D calculatio
we want to explore both the branching ratios of photofra
ments and their angular distributions for various frequenc
In the absence of rotations, the values of the branching ra
cannot be reliable while the concept of angular distributio
is, of course, meaningless for a rotationless model.

In Fig. 1, we show the potential-energy curves of the t
lowest states of the free molecule, which have been con
ered in our calculation. In the diabatic representation, th
states are denoted by GS and ES. The unperturbed in
level v i50,Ji50 on the GS potential curve has been show
Dissociation may occur by absorption of more than one p
ton of one or two frequencies but not by absorption o
single photon of either frequency. Simultaneous absorp

FIG. 1. The two lowest potential-energy curves GS and ES
HD1 against internuclear separationR. The eigenenergies of th
unperturbed bound vibrational-rotational levelsv i50,Ji50 andv
56,J51 are shown by solid lines. The positions of some oth
high-lying vibrational-rotational levels near the dissociation thre
old have been indicated by dotted lines. The arrows show som
the many possible radiative transitions.
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and emission of a number of photons of different frequenc
can also occur. We have also shown the energy after
absorption of two photons of each frequency as well as
energy of the field-freev56,J51 level on the GS curve
The arrows indicate some of the possible transitions cau
by absorption or stimulated emission.

A few diabatic ~noninteracting field plus molecule! and
field dressed adiabatic potential-energy curves of HD1 for
different numbers of absorbed photons are displayed in F
2 and 3, respectively. The adiabatic curves have been dr
for intensity 1 TW/cm2 of each field and for linear paralle
polarizations of the fields. Both the diabatic and adiaba
curves are plotted for the fields of frequenciesv1
510 053 cm21 andv2520 668 cm21. The numbers of pho-
tons of frequenciesv1 and v2 absorbed are denoted b

f

r
-
of

FIG. 2. Diabatic potential-energy curves for the two electro
states GS and ES of HD1 at laser frequenciesv1510 053 cm21

and v2520 668 cm21. The unperturbed eigenenergy of the initi
vibrational-rotational levelv i50,Ji50 is also indicated.

FIG. 3. Adiabatic potential-energy curves for the two electro
states GS and ES of HD1 at laser frequenciesv1510 053 cm21

and v2520 668 cm21, and each laser intensity 1 TW/cm2. The
dressed energy corresponding to the initial field-free rovibratio
level v i50,Ji50 is also shown. The vertical dotted lines indica
the positions of avoided crossings due to multiphoton interacti
involving different photon numbers (n1 ,n2).
1-5
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(n1 ,n2) and each of the diabatic curves can be labeled by
three labels, GS or ES for the electronic state and (n1 ,n2). It
is to be noted that the spreading of these curves due to
lecular rotation has not been displayed. The adiabatic cu
arise from field induced mixing of the diabatic curves a
thus cannot be uniquely labeled. For simplicity, only one
the many diabatic and adiabatic curves with differing ro
tional properties has been plotted. We shall base our dis
sion on these simplified diagrams. In reality, for a 3D mo
each curve should have a band associated with it.

We note that the adiabatic curves arising from the diab
curves GS and ES of the undressed field plus molecule
tem exhibit avoided crossings at various points. These cr
ing are the consequences of the multiphoton interactions
tween the corresponding diabatic curves. The numbe
photons involved at each crossing is denoted at the top o
figure in the notation (n1 ,n2). Because the energy of eac
combination of photon numbers is fixed, a multiphoton
teraction involving a definite combination (n1 ,n2) takes
place between the appropriate GS and ES diabatic poten
at a definite internuclear separation. For example, all avoi
crossings between GS and ES near 2.5 a.u. arise due t
exchange of threev2 photons and so on. Sincev2'2v1, the
avoided crossing arising due to the exchange ofn1 photons
of frequencyv1 and n2 photons of frequencyv2 is degen-
erate with that due to the exchange ofn112n2 photons of
frequencyv1.

These avoided crossings play an important role in the
citation and dissociation dynamics of the molecule. At ea
avoided crossing, depending on the strength of the inte
tion, the molecule can follow the adiabatic path or altern
tively, the nonadiabatic interactions due to the nuclear m
tion may force the molecule to follow the nonadiabatic pa
In other words, the resulting wave functions in the prese
of laser fields will not be purely adiabatic but a linear sup
position of different adiabatic wave functions.

Apart from this, there will be a direct coupling of a
orders between two GS states due to the presence o
permanent dipole moment of HD1. Thus a molecule in the
vibrational-rotational ground level can absorb a photon
appropriate frequency and make a transition to another fi
dressed bound or quasibound level of another field dres
state with a dominant GS character~if such a level exists!.

In 1D calculation@6#, this situation gave rise to vibra
tional resonances where the dissociation linewidth was d
tically enhanced. Asv2 was varied keepingv1 fixed, the
positions of the vibrational resonances changed due to
modification of the long-range part of the potential. T
dressed adiabatic state, which corresponds to the absor
of onev1 photon near the equilibrium, could support a qu
sibound level at the initial molecular energy for certain v
ues ofv2 only. For intermediate value ofv2 the linewidth
became very small and the molecule became exception
stable against dissociation.

Something similar happens in our model also. Figure 4~a!
gives a crude plot of the total dissociation linewidth@full
width at half maximum~FWHM!# as a function ofv1 for a
fixed value ofv2520 668 cm21. The values ofv1 used here
are near the field-free transition energy between thev i
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50,Ji50 andv56,J51 levels. The dissociation linewidth
is clearly enhanced at two values ofv1. At the higher peak
for v1510 053 cm21 the enhancement is more than eig
times the background. This, of course, suggests an inter
diate one-photon vibrational resonance. However, due to
presence of the rotational degree of freedom, mixed ro
tional states are now formed, each consisting of a linear
perposition of states with different rotational quantum nu
bers. A second resonance with such a mixed state which d
not have a strong transition moment from the GS~0,0! state
must be responsible for the resonant increase of the disso
tion linewidth at the lower frequency of 10 030 cm21.

Now, we keepv1 fixed at 10 053 cm21 and plot the total
dissociation linewidth~FWHM! as a function ofv2. The plot
is shown in Fig. 4~b!. Again, for the fixed value ofv1, we
get resonance enhancements at different values ofv2 which
are five to seven times the background. The resonances
with the level which would bev56,J51 in the potential
with the GS~1,0! character near the equilibrium in the a
sence ofv2. The single-photon interaction between GS~1,0!

FIG. 4. The total dissociation linewidth of HD1 from the initial
level v i50,Ji50 at each laser intensity 1 TW/cm2. ~a! v1 is varied
andv2 is fixed at 20 668 cm21, ~b! v2 is varied andv1 is fixed at
10 053 cm21.
1-6
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BRANCHING AND ANGULAR DISTRIBUTION OF . . . PHYSICAL REVIEW A 68, 013401 ~2003!
and ES~1,1! potentials causes a double-well adiabatic pot
tial which has a GS~1,0! character near the equilibrium po
sition. Of course, now there are several such potentials a
number of avoided crossings because of rotational sprea
and this makes the picture very complicated. One of the c
sequences of this complication is that even midway betw
intermediate resonances, the destructive interference betw
contributions of closely spaced neighboring quasibound
els cannot efficiently stabilize the molecule. Zero linewid
is never obtained, for the many nonresonant paths thro
laser induced adiabatic states with a mixed rotational s
character can never manage to cancel completely.

For this reason we tend to get only a few peaks betw
v2519 500 and 21 500 cm21. Precisely, we get three group
of two peaks each. Visualization of what is happening her
rather difficult. However, the basic idea of the 1D mod
described in detail earlier@6# should remain valid. If we con-
centrate only on the single-photon interaction neglecting
multiphoton avoided crossings, then the adiabatic poten
corresponding to GS~1,0!, near the equilibrium, become
double welled with the energy lying very near the asympto
energy and the lower peak. The barrier height and the p
tions are sensitive tov2 and thus so are the energies of t
possible bound levels. When we varyv2, a resonance occur
whenever the position of one of such bound level coinci
with the initial energy of the field-free ground level. Becau
of the presence of many adiabatic states with a mixed r
tional character, we obtain two peaks at closely spaced
ues ofv2. These are the signatures of bound levels in t
different adiabatic potentials within the band.

This is tested in Figs. 5~a! and 5~b! where we have plotted
the total overlaps (Ti) of the free scattering wave functio
with two different bound level wave functions, thev i50,Ji
50 wave function in the diabatic state GS~0,0! and thev
56,J51 wave function in the diabatic state GS~1,0! at v1
510 053 cm21. In Fig. 5~a!, for v2520 668 cm21, both the
overlaps give a single line spread over a range of energy.
peaks of the two overlaps are exactly at the same ene
Different horizontal scales are used for the two overlaps
Fig. 5~a! in view of their very different widths. The width o
the GS~0,0! overlap is 2.1831024 cm21, while the width of
the overlap with the GS~1,0! (v56,J51) state is a few
cm21. This shows that the laser shifted initial level acquir
a distinctv56,J51 character in the GS~1,0! potential. This
suggests that in the range of internuclear separation w
there is no avoided crossing, the molecular wave funct
has a mixed character for this combination of frequenc
This mixed character must arise through the one-photon
teraction mediated through the permanent dipole. There i
evidence of a two-photon interaction leading to a G
(21,1) character.

Figure 5~b! shows the same overlaps but forv2
520 400 cm21 where there is no peak in the linewidth@Fig.
4~b!#. As earlier @Fig. 5~a!#, here also different horizonta
scales are used for the two overlaps in view of their differ
widths. In this case the overlap between the solution of
CC equation and thev56,J51 bound level wave function
in the GS~1,0! potential is spread over a very wide range
energy without any single well-defined peak. In fact t
01340
-

a
ng
n-
n
en
-

gh
te

n

is
l

e
al

c
i-

s

a-
l-

o

he
y.

n

s

re
n
s.
n-
no

t
e

f

overlap spreads over hundreds of cm21. Such diffuseness
indicates that thev56,J51 level is not even transiently oc
cupied at any stage of scattering. This implies that the re
nant enhancement of linewidth occurs whenever a pho
absorption occurs to thev56,J51 level of the diabatic po-
tential GS~1,0!, which adiabatically becomes quasibound
interaction with more photons.

Figure 6 shows the branching ratios of the photofragme
to different photon absorption channels as function ofv2 for
v1 fixed at 10 053 cm21. We see that on resonance the E
~1,1! channel is the dominant one but at off-resonance
probability of dissociation through this channel is negligib
For the off-resonance dissociation the most effective ch
nels are the ES~1,2!, ES ~2,1!, and, to a lesser extent, G
~1,2!. At the frequencies where resonance occurs, the co
butions of all these channels reach minima. However, at
resonance frequencies there is a small contribution from
ES ~3,0! channel.

These findings can be qualitatively understood by ref

FIG. 5. Total overlapsTi between the free scattering wave fun
tions and the bound wave functions of HD1 in the diabatic poten-
tials GS~0,0! and GS~1,0! for v i50,Ji50 andv56,J51, respec-
tively, plotted as function of the total energyE at each laser
intensity 1 TW/cm2. ~a! at resonance frequency v2

520 668 cm21, ~b! at off-resonance frequencyv2520 400 cm21.
v1510 053 cm21 in both the cases. The energy~E! scales corre-
sponding to the curves are indicated by arrows.
1-7
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DUTTA et al. PHYSICAL REVIEW A 68, 013401 ~2003!
ring to Fig. 3 again. For the adiabatic potential curve cor
sponding, near equilibrium, to the diabatic potential G
~1,0!, the most important avoided crossing will be around
a.u., since the wave function~which has thev56,J51 char-
acter! can be appreciable in this region. Dissociation c
occur through further onev2 photon absorption at 4.1 a.u
and subsequent adiabatic passage with a further nonadia
transition near 5 a.u. It is clear from Fig. 2 that such pa
would cause dissociation through ES~1,1! and ES ~3,0!
channels only. However, when this GS~1,0! potential plays
no role in the process as an intermediate, most of the di
ciation should occur through the~0,3! avoided crossing nea
2.5 a.u., because the initial wave function is appreciable o
in this region. In this case, after adiabatic passage thro
the ~3,0! crossing, further higher-order multiphoton intera
tion may not play important roles as distinct from the on
photon transition near 4 and 5 a.u. It can be seen th
three-photon transition followed by diabatic passage and
ther single-photon transition should give the final stat
which are observed to be most probable when there is
resonance with any GS state.

In effect, below threshold frequencies and for such co
paratively low intensity, nonadiabatic paths will be preferr
over adiabatic passage through higher-order crossi
Single-photon crossings occur at large internuclear sep
tion, and at small internuclear separation single-photon tr
sitions can take place only by a vibrational transition. Ho
ever, vibrational levels are sensitive to the frequencies
both fields and such transitions can occur only for particu
field combinations. In other cases, direct multiphoton tran
tions through higher-order avoided crossings are the o
possibility if we start from a narrow localized wave functio
However, the cross sections of such multiphoton transiti
are much smaller compared to those occurring through r
nant paths. The interesting effects occur because by chan
v2 the field dressed energy of thev56,J51 level ~for n1
51,n250) is changed and this particular level can act as
important long-lived intermediate state for certain values
v2 when v1 is kept fixed. This is demonstrated in Fig.
where it is clearly seen that the molecule can be said to e

FIG. 6. The branching ratios of the photofragments of HD1 to
different absorption channels as functions ofv2 keepingv1 fixed at
10 053 cm21 at each laser intensity 1 TW/cm2.
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in the v56, J51 level after a one-photon absorption on
for certain values of the frequencyv2 which we call reso-
nance frequencies. It is worth emphasizing here that str
selectivity with respect to the photon number absorbed
obtained by varying the second frequencyv2 in the presence
of the first frequencyv1. In our formulation, the final popu-
lations in the GS and ES states imply the formation of H1

and D1 ions, respectively. No further transformation is ne
essary to obtain the atomic states.

Previously, it has been shown that the branching ratio
tween the two states and between the various possible kin
energies of the photofragments~resulting from the absorp
tion of different number of photons! depends on the intensit
and frequency when light of a single frequency is used@3#. It
is also strongly dependent on the shape of the initial w
function. For example, if the wave function and the intens
are such that a tunneling or a bond softening transition
most dominant then the molecule should prefer to dissoc
by the absorption of a single photon and it ends up in the
state. Similarly, for comparatively weak fields, the dissoc
tion from low vibrational levels by a three-photon absorpti
to the ES state may be made to dominate@3#. Charronet al.
@5# obtained almost an equal flux in the two states GS and
for 780 nm wavelength and from initialv i53 level of HD1

for I 510 TW/cm2. They argued that the dissociative ener
flux does not ‘‘feel’’ the asymptotic energy splitting betwee
the two states. Earlier, we obtained similar behavior for
above-threshold dissociation fluxes at several intensities
pending on the initial wave function and the photon numb
channels and interpreted them as the outcome of compet
between different adiabatic and diabatic pathways to dis
ciation @3#. The outcome of this competition depends on t

FIG. 7. The branching ratios of the photofragments of HD1 for
the initial level v i56,Ji50 as functions of one-color laser fre
quencyv at laser intensityI 51 TW/cm2. ~a! for ES ~1! @H(1s)
1D1#, ~b! for GS ~1! @H11D(1s)#.
1-8
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BRANCHING AND ANGULAR DISTRIBUTION OF . . . PHYSICAL REVIEW A 68, 013401 ~2003!
frequency and intensity of the laser and also on the shap
the initial wave function.

In Fig. 7, we present the branching ratios for the fluxes
the two states GS and ES from the initialv i56,Ji50 level
of HD1 in a single-frequency field. Almost at all the fre
quencies considered, the flux in the ES~1! channel is much
preferred over that in the GS~1! channel. For high initial

FIG. 8. Angular distributions, in both linear and polar plots,
the photofragments of HD1 to ~open! photon channel ES~1,2! for
nonresonant frequenciesv2 with v1 fixed at 10 053 cm21 at each
laser intensity 1 TW/cm2. ~a! v2519 800 cm21, ~b! v2

520 300 cm21, ~c! v2520 900 cm21.
01340
of

n

vibrational level and the intensity used by us, this should
the normal outcome. This is the general pattern expected
a process driven by lowering the adiabatic potential barr
Very small fluxes to other photon absorption channels de
mined by higher-order avoided crossings are found to
equally distributed between the GS and ES states but
crossings are not effective when the initial level isv i56,Ji
50.

The different mechanisms of the multiphoton transitio
in resonant and nonresonant cases result in very diffe
angular distribution of the fragments in the two cases. F
ures 8~a!–8~c! show the angular distribution patterns fo
three nonresonant frequenciesv2 in the channel ES~1,2!
where the flux is maximum. In each case, the angular dis
bution pattern follows the usual expected pattern of a nar
angular distribution in the forward and backward directio
obtained earlier for the single-frequency multiphoton dis
ciation @7#. The half-width of the pattern is about 9°. Th
axis is along the polarization direction of the linearly pola
ized lasers~both polarized in the same direction!. Thus we
may say that the physics involved in the two-frequency n

FIG. 9. Angular distributions, in both linear and polar plots,
the photofragments of HD1 to ~open! photon channel ES~1,2! for
resonant frequenciesv2 with v1 fixed at 10 053 cm21 at each laser
intensity 1 TW/cm2. ~a! v2520 145 cm21, ~b! v2

520 759 cm21.
1-9
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DUTTA et al. PHYSICAL REVIEW A 68, 013401 ~2003!
resonant multiphoton dissociation is the same as that for s
single-frequency fragmentation.

In Figs. 9~a! and 9~b!, the angular distribution in the ES
~1,2! channel is plotted whenv2 is resonant. This channe

FIG. 10. Angular distributions, in both linear and polar plots,
the photofragments of HD1 to the ~open! photon channel ES~1,1!
for resonant frequenciesv2 with v1 fixed at 10 053 cm21 at each
laser intensity 1 TW/cm2. ~a! v2520 012 cm21, ~b! v2

520 668 cm21.
v
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01340
ch

has a very small relative flux on resonance~Fig. 6! and the
angular distribution pattern is almost the same as in the
resonance case~Fig. 8!.

Figures 10~a! and 10~b! plot the angular distribution in the
ES ~1,1! channel at frequenciesv2 for which the resonant
enhancement of the linewidth is obtained. These angular
tributions of the fragments exhibit very different pattern
They all have a large number of scattering rings@15#, which
are peaks in the angular distributions at various intermed
angles. The rings become more and more prominent asv2 is
increased. The spatial spread of the wave function be
dissociation as well as the dense manifold of coupled ro
tional levels present at large internuclear separation may
responsible for such a behavior.

V. CONCLUSIONS

We have presented the time-independent CC calcula
of the two-frequency intense-field multiphoton dissociati
of HD1. We address the problems of the multiphoton dis
ciation linewidth, branching ratios, and angular distributio
of the photofragments of HD1 induced by two strong lin-
early polarized parallel laser fields of equal intensity
1 TW/cm2. No reliable values of the branching ratios to d
ferent channels can be obtained unless rotational motio
taken into account. Angular spread of the fragments is,
viously, a consequence of the rotational motion. Both
branching ratios and the angular distributions show strik
changes when the frequency of one of the lasers is chan
We show that at some combinations of the frequencies
intermediate one-photon vibration-rotation resonance ta
place due to the presence of the permanent dipole mome
HD1. This intermediate resonance is responsible for
drastic changes observed. The branching-ratio pattern ca
explained by invoking the dynamics on a simplified set
adiabatic potentials obtained due to the modification of
field plus molecule potentials by the field plus molecule
teraction. However, for an explanation of the scattering rin
on resonance, a detailed analysis of the dynamics of the
gular motion on a large number of rotationally coupled ad
batic surfaces may have to be made.
hem.
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