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We have investigated the branching ratios and angular distributions of photofragments resulting from the
two-frequency multiphoton dissociation of HDfrom initial bound levelv;=0,J;=0 induced by linearly
polarized parallel laser fields of equal intensity of 1 TW#crBoth the laser frequencies, andw, are below
the dissociation threshold with, < w,. We have used the time-independent close-coupling method. Molecular
rotation has been taken into account with 0—9 in each of the two electronic states GS and ES. The photon
absorption channels\(,n,) with n;,n,=0-3 have been included whenp andn, are the numbers of photons
of frequenciesw; and w, absorbed. We have neglected absorption channels wiednfour or more photons
are involved. This necessitates the use of 120 channels. All radiative couplings including those due to the
intrinsic dipole moments of HD have been considered in a truncated length gauge form of interaction. In the
presence of intermediate photon vibrational resonance with thé€1(®g channel, dissociation takes place
mainly through the E$1,1) channel. But the channel E3$,2) dominates for frequency, not satisfying the
resonance condition. For linear polarization, preferential photofragment ejection along the field polarization
direction(i.e., §=0° or 180°) takes place. On resonance, the angular distribution shows prominent rings that
are peaks on the photofragment distribution away fa0°. We have presented the photofragment angular
distributions of HD" 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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[. INTRODUCTION new dressed states obtained by the action of the pump field.
Specifically, in the molecular context, we may say that the
The multiphoton excitation schemes of molecules withfield dressing of the molecule by the pump field implies dis-
discrete multifrequency fields have currently generated a lotortion of the electronic charge cloud around the nuclear
of interest both as a mechanism of controlling molecularframework, and produces modification of the molecular
processes and as a means of understanding the basic physigential-energy surfaces on which the nuclei move. In a
behind such processes occurring in presence of intense laggump-probe situation, the transition from one such modified
fields. The multifrequency excitation schemes studied theopotential surface to another is envisaged.
retically and experimentally can be basically divided into However, this pump-probe picture cannot be applied
two types. In the first type the fields are coherent with stablevhen two fields of equal intensities interact with a molecular
phase relations between them and the frequencies are gensystem. Both the fields can cause drastic modifications of the
ally multiples of one another. The interference between ampotential surface and the resulting motion of the molecule
plitudes of the different paths from the initial to a final statecan be very complicated indeed. The best way to calculate
depends on the field characteristics, which are often used tihe response of a molecular system is to treat the interaction
steer the dynamics of a process on a specific course, such asthese two fields with the molecule on an equal footing.
by changing the relative phases of the fields. On the othefhe two fields, acting simultaneously, may modify the tran-
hand, two or more lasers with no particular phase relatiorsition frequencies, transition widths, and the fragmentation
between them have often been used to explore different agattern of the molecule in ways which are not intuitively
pects of the laser induced states of an atomic or moleculasbvious and which cannot be estimated without detailed nu-
system. These states arise due to the very considerable diserical computation.
tortion or dressing that such a system undergoes in the pres- The simplest one-electron moleculg Hind its isotopic
ence of intense fields. These dressed states due to an interssealog HD™ have played key role in the investigation of the
laser field can most conveniently be investigated by usingffect of strong fields on molecular dynamics because of
another weak probe field. Such pump-probe interactionsheir simplicity and their well-known electronic structure.
have been also explored for many systems for gaining inforMost of the works on these molecules were concerned with
mation about the modifications created by the laser in amheir dissociation in a single-frequency figldi—3] or in a
atomic or molecular system. Theoretically, a perturbativebichromatic laser field with two harmonic frequencies bear-
treatment of the pump field is inapplicable and a perturbatioring a definite phase relatiod,5]. The two molecules have
theory for the probe field is reformulated in the basis of theidentical electronic structure but because of its heteronucle-
arity, the isotopic substituent HDhas a strong asymptoti-
cally diverging intrinsic dipole moment. Also, its transition
*Email address: msssh@mahendra.iacs.res.in dipole moment between the lowest electronic states is very
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different from that of H . The presence of the intrinsic di- cantly on the time scale of the fragmentation process and
pole moment can cause vibrational-rotational virtual transithere should be a sufficient number of field cycles within the
tions within the ground electronic state by photon absorptiorfiS€ time of the pulse which, in turn, should occupy a length
or emission. These virtual radiative transitions do have imOf time substantially less than the time for which the inten-
portant effects on the branching ratios and widths of the mulSity "émains essentially constant. ) _
tiphoton dissociative transitions. Apart from this, these _ N€ paper is organized as follows. The following section
vibrational-rotational levels can act as intermediate resonarftf the paper will provide the theoretical framework necessary
levels. The characteristics of these intermediate resonancé® describe the strong field dissociation process. Section |1

will be strongly dependent on both the intense fields preserRf€Sents the way the calculations have been made and the
for suitable frequencies of these fields. values of the different parameters considered. Section IV de-

In a previous papei6], it was shown in a crude fashion scribes the results and their theoretical explanation. Section

how these intermediate levels play a very interesting andf d€als with the conclusion.

significant role in determining the spectrum of the dissocia-

tion linewidth in a two-frequency field when both fields have Il. FORMULATION

similar intensities. It was also shown that the dressing of the |, the CC approach, the multichannel coupled time-

potential curves by the two monochromatic fields causes tthdependent Schdinger equation is solved for the field plus

appearance of laser induced resonant levels with energigsgiecule system. For a fixed total enefgy of the system,
depending on the frequencies of the dressing fields. Thesge equation is given by

laser induced resonances were shown to cause both sharp
enhancements and deenhancements in the multiphoton disso- HV(E7)=E;V(Eq). (D)
ciation cross sections as the frequencies are changed. How- - _ )
ever, the interesting feature was the appearance of multipiefter eliminating the center-of-mass motion, the total Hamil-
resonance peaks in the dissociation linewidth when the norfonianH of the interacting field plus molecular system in the
resonant frequency was varied around the dissociatioffNdth gauge is
threshold. In between these peaks the dissociation linewidth

almost vanishes. These features were explained as being due

to the formation of a set of closely spaced resonance levelghere T, is the nuclear kinetic-energy operator correspond-
by the laser fields in the region where only an isolated resopq 1o the radial motion of the nuclei with respect to the
nant level of the free molecule existed. This modification of .apter of maséthe coordinate of the radial motion®y), H,
the energy level structure was due to the distortion of thgs the Hamiltonian for the rotating molecutwith fixed in-

molecular potential-energy surfaces by the laser fields. Theyclear separatioR) plus the laser fields in the absence
results were obtained by using a one-dimensional model i L

he time-ind d | o) f lati ith Bf radiative interaction, an¥’, is the radiative interaction
t. € time-in jepen ent close-couplif@C) formulation with a Hamiltonian between the molecule and the radiation fields in
limited basis set. Apart from the fact that the molecular dy-

; o . . ~7"the length gauge.
namics may become qualitatively different when rotations Thusg gaug

are included, these limitations did not allow the authdk
to investigate two important observable characteristics of the K2 g2
multiphoton dissociation process. These are the branching TR=—2——2 ©)
ratios of the dissociation fragments to different photon ab- K IR
sorption channels and the angular distribution of these frag-nd
ments in different channels with respect to the direction ot"i
the linear polarization of the light fields. 2

In the present work, we again address the question of the Ho=2> Z—r:T+T(9(R)+VC(R)+ﬁw1(a1+a1)
resonant multiphoton dissociation linewidth of Filby two ! !
strong.linear.ly polarized fields in the same dirgc'Fion and of +hwy(as ay). (4)
equal intensity of 1 TW/cfm Now the emphasis is on the
branching ratios and the photofragment angular distributionThe first term in Eq(4) represents the kinetic-energy opera-
We show that as the combination of frequencies reaches th&r for all electrons, the second term gives the rotational
required for an intermediate resonance, the branching ratidénetic-energy operator for the nuclear motion with the inter-
and the angular distribution undergo drastic changes. In paruclear separatiofR as a parameter, the third term is the
ticular, the angular distribution patterns on resonances aréoulomb interaction energy between the charges, and the last
radically different from the usual above-threshold dissociatwo terms give the energies of the radiation fields. For solv-
tion (ATD) patterns investigated earli€¥], which are also ing Eq.(1), the total time-independent wave functitt( E+)
obtained in the present two-frequency below threshold castor a fixed total energ¥+ is expanded in terms of the diaba-
when no intermediate laser induced resonance takes part tic or the bare molecule plus field channel stgtgs which

H=Tg+Ho+Vr, ()

rad

the dissociation process. are eigenfunctions dfl,

As in our earlier work$3,6,7], we have adopted the time- 1
independent CC formulatiof8]. For this time-independent W-(N+ N, E~ R)= — d\E (R 5
approach to be valid, the intensities should not vary signifi- r(NLN2 B R) =1 zd: [DFa(R), ©®
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where F4(R) are the components of the wave veckoof Uga (R)=W5(R) 84q' + Vaa (R) S/ 1. +16n" n
radial nuclear motions in channel statel$ and 1T e
+Vya (R) 5ni,nl5né,n2t1 (13)
[d)=[A,3,n1,n2) =P A(r,R)Y (6, ¢) Ny =1 ,Na—ny).
©)  with [7]

Here A denotes the index of electronic state whose WaveVddr(R)=(d'|V'Fad|d>=1-171>< 10_3DA'A(R)\/I_
function is®, (r, R), r are the electronic coordinates, and

n,; andn, are the numbers of photons of frequeneay and
w, absorbed or emitted whose initial numbers wireand
N,, respectively. We have takes, < w, and both are below
the dissociation threshold. Thus, hdté;—n;,N,—n,) is
the photon number state witd; —n; andN,—n, numbers
of photons of frequencies; andw, present. In our case, as
only two lowest electronic states have been udedill take  Here D,,,(R) is the radial matrix element of the dipole
the values of GS and ES for HD Since both the concerned moment operator between the electronic statésand A in

electronic states af® states, the rotational wave function of atomic units)| is the laser intensity in W/cfn and the result

the molecule can be represented ¥ag,(R), R being the isincm .

J’ 1 J
’ 12, M
X[(2)'+1)(2J+1)]74(—1) (—M' 0 M)

J 13
0 0 O

X . (12

angular coordinates of the vect@rwith respect to the space-  Including a finite numberN,) of the channel statesl),
fixed system of axesl is the rotational quantum number of the coupled equations can be solved for a gizemsing the
the molecule. standard full-collision boundary conditions on the compo-
The eigenvalue equation for the unperturbed Hamiltoniarnents of the scattering wave vecterThe components of the
Ho is matrix of the solutionF4(E,R) , of Eq.(10) can give us the
required information when the solution is calculated over a
HOld)=W.(R)|d) (7) large number of total energies. The component of the wave
vector,F.,(R), corresponding to the closed channel denoted
with by c, asymptotically goes to zero, while,,, is described by

an incoming wave in the channeland an outgoing wave in
another open channe&’ [8]. Thus for each energ§, we

2
A7 JU+1) obtain anNy-fold degenerate set of orthogonal energy nor-

Wg:VA(R)‘*'ﬂ

_nlhwl_nzhwz EA

R? R malized solutions, by imposing the following asymptotic be-
havior on the radial wave functions:
_nlﬁwl_nzﬁwz. (8)

_ _ Feo(R)g==0
W] are the eigenvalues of the channel stgts with the
origin shifted by the initial energies of the fields, i.e., by and
NiZwi+Nyfiw,. E, is the asymptotic energy of the elec-
tronic stateA , whose potential energy is given i, (R). 2u v kR
The second term of Eq8) gives the centrifugal potential Foro(R)R=x 72 [e %5410
energy in the angular-momentum stale The observable Theor
asymptotic kinetic energy of the system is given by —efkeRg , (N,E)]/2iR, (13)

eq=E—Ejp +nifhiwi+nrfiw,. (9)  whereSis theNyX N unitary scattering matrix.

In the present case, the situation envisaged is a half-
For e4<0 the channedl is closed and foe4>0 it is open. collision one, which corresponds to the dissociation of an
Since the solution does not depend on the origin of the eninitial field-free bound state abruptly exposed to strong
ergy scale, all of the energies have been measured with réiE'dS. The full-collision wave functions characterized Ey
spect toN; % w;+N,fiw,, i.e., the initial field energy anE ~ can be used to describe the half-collision situation in which
is the total energy of the system measured from this Origin_an initial field-free bound statein a particular closed chan-
Thus, substituting Eq5) into the Schrdinger Eq.(1), we  nel ¢ described byyx.; is exposed to the lasers incidenttat
obtain the matrix form of the coupled second-order differen-=0. The wave packet representing the initial state becomes

tial equations for the wave functiorSy(R) of the radial —nonstationary, decaying into the complete set of outgoing
nuclear motions at enerdy as states and can be expressed as a linear superposition of the

time-independent solutions of E€), which are eigenstates
of the total Hamiltonian, as shown by Mies and Giusti-Suzor

2
‘9_+ Z_M(E_U) F=0, (100  [8]. Using this picture, the time-independent probability
IR?  h? P,.; of finding the system in an outgoing wave statiom
an initial field-free bound statiein a specific closed channel
where ¢ with wave functiony,;(R) can be obtained as
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Poci(E)=|(Fo(E.R) | xci( R)I*=[Tam(E,n1,nali)|%, cies below the dissociation threshold was made by Datta and
(14) Bhattacharyyd 6], but the effects of different rotational lev-
els were not taken into account by them. However, for ap-
where preciation of the complexity of the phenomena and for reli-
Tim(E,ng,ny|i)=(F¥(E,R)|xci(R)). (15) able quantitative estimations it is essential to take rotation
into account. In particular, the treatment of the branching
The transition amplitud@ is obtained from the solution vec- ratios and angular distributions of the photofragments result-
tor F(E,R) of the radial equations. The solution for eaching from the multiphoton dissociation of HDrequires a
value of E gives a set oP’s for all open channels. greatly extended rotational basis set. We have considered
Because of the nonstationary nature of the initial wavemolecular rotation by including 120 channels witk-0—9.

packet in the laser fields, a range of energies around thehe initial molecular bound level has been taken tovbe
energies of the laser induced states should contribute to thisg 3. — 0 and both the laser frequencies and w, were

overlapP,_;. The width of this quantity in the energy scale
should give the rate of the decay of the initial wave packet
At moderate intensities, only a single peak is obtained at th%xcited ac Stark shifted=6,J=1 level with respect to the
same energy for eadiloper) photon channel. The peaks for Stark shifted dlevel =03 =0. In HD" . d

. ground level,=0,J;=0. In , due to mass
all (open photon channels have the same width, same posi-. .
tion, and normally they are almost Lorentzian in shape. Thiiﬂﬁerence between th(.:" nuclei, tlgeu. symmetry of the two
implies that the wave packet undergoes an exponential decag"VeSt Born-Oppenheimer electronic statesrd and 2o,
in time and a unique dissociation rate is defined from thd® broken and the degeneracy of the electronic eigenstates is
width of the peak. The position of the resonance peak on theémoved by the nonadiabatic interaction due to the nuclear
energy scale defines the dynamic Stark shift of the initiafmotion. The two new eigenstates GS and ES arising from the
state. It should be stated here that all our present calculatiort§agonalization of the two coupleg-u states of the Born-
are for the highestLorentzian peak in the photofragment Oppenheimer orbitals go asymptotically to the” Hand
kinetic-energy distribution. There is the possibility of a sec-D(1s) and H(1s) and D" states, respectively, with an en-
ond lower peak in the fragment kinetic-energy profile at theergy difference of 29.87 cit [10].
intermediate and high intensiti¢6]. It is worth mentioning The transition dipole moment between the GS and ES
here that our time-independent CC approach is rigorous angtates asymptotically goes to zero but the permanent dipole
takes into account the presence of higher péedsonances moment increases linearly witR at largeR. The nonstand-
in the kinetic-energy spectrum. Equatiti¥) properly takes —ard diverging behavior in the length gauge can be changed
into consideration the higher resonances in the fragmerfy judicious truncation of the interaction. We have included
kinetic-energy profile[6]. The total decay probability in a an exponentially decaying cutoff functi@r *(R~Rew in the
steady field must be unity after a sufficiently long time. Thuslinearly diverging dipole matrix elements beyoRt=R;.

chosen below the dissociation threshold with< w,. w4 is
so chosen that approximates the energy of the vibrationally

the integral of the total overlap The value ofR;,; was adjusted so as to have no effect on the
total linewidth. As in our earlier work3], the value of 20
T.(E)=>, P, (E) (16)  a.u. forR;¢and 0.5 for the exponenit in the decay function
[0}

were found to be satisfactory because here also the intrega-
tion of the CC was continued upto 40 a.u.

The nonadiabatic potentials of the two lowest states GS
and ES of HD are obtained from the work of Carrington
and Kennedy{11]. The intrinsic electric dipole moments of
HD™* for the GS and ES states are taken from Moss and
_ o - Sadler[10]. The transition electric dipole moments of HID

Pi(ﬁ'EO’nl’nZ)_k% [(D7Y3m(6,8) Tam(Eo,n1,N2l1)]7, are calculated from the corresponding Born-Oppenheimer

(17)  Vvalues for transition electric dipole moments of Hob-
tained from the works of Batd4.2], by the method provided

whereT;u(Ep,Nn4,Nn,) is the bound-free transition amplitude by Ghoshet al. [13]. Renormalized Numerov method has
[Eg. (15)] for n; and n, photon absorption at peak energy been used to obtain the time-independent radial solution vec-
E,, andé is the angle between the dissociated fragments antbrs by solving the multichannel CC scattering equations. We
the space-fixed axis. The space-fixed axis is the direction have properly modified the CC code of Julienne, Mies, and
of the electric-field vector for linearly polarized lighk.is ~ Sando[14] to use in our work.

over the energy should give unity.

The angular distribution of the photofragments from an
initial rovibrational levelv; ,J; is given by Balint-Kurti and
Shapiro[9] as

some specific constant. It may be noted tRatis indepen- Henceforth, during discussion, each channel will be la-

dent of ¢ for axially symmetric molecules. beled by the number of photons absorbed or emitted, i.e., by
the notation f;,n,) and either GS or ES depending on

Ill. CALCULATIONS whether the electronic state involved is the ground bonding

state or upper antibonding state and the total angular momen-

The time-independent close-coupling calculation of thetum J. The channels may be opened or closed depending on
multiphoton dissociation of HD from ground vibrational the final energy of the field-free molecule. An open photon
level in two fields each of intensity 1 TW/énand frequen-  channel with a positive molecular energy indicates dissocia-
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15000 ~ Ol | @ FIG. 2. Diabatic potential-energy curves for the two electronic
states GS and ES of HDat laser frequencies;=10053 cm*
20000 ~ and w,=20668 cm®. The unperturbed eigenenergy of the initial
v=0,J=0 vibrational-rotational level;=0,J;=0 is also indicated.
25000 T T T T
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and emission of a number of photons of different frequencies
can also occur. We have also shown the energy after the
tabsorption of two photons of each frequency as well as the

HD™ against internuclear separatiéh The eigenenergies of the energy of th'e fleld-free)=6,J=1 Ievel'on the GS curve.
unperturbed bound vibrational-rotational levels=0,J,=0 andov The arrows indicate some of the possible transitions caused

=6J=1 are shown by solid lines. The positions of some otherPy @bsorption or stimulated emission.

high-lying vibrational-rotational levels near the dissociation thresh- A few diabatic (noninteracting field plus molecyleand

old have been indicated by dotted lines. The arrows show some dield dressed adiabatic potential-energy curves of "Hbr

the many possible radiative transitions. different numbers of absorbed photons are displayed in Figs.
2 and 3, respectively. The adiabatic curves have been drawn

tion and the kinetic-energy spectrum gives the branching rafor intensity 1 TW/cm of each field and for linear parallel

tios between various open photon channels. polarizations of the fields. Both the diabatic and adiabatic

curves are plotted for the fields of frequencies;

=10053 cm ! andw,=20668 cm*. The numbers of pho-

) o ) tons of frequenciesv; and w, absorbed are denoted by
In this work, our aim is to explore the dynamics of the

multiphoton dissociation of the simplest polar molecule
HD* under two fields of different frequencies which are var-
ied within certain limits. The frequency of the first field,
which we denote byw,, is varied between 10000 and
10100 cm'!, keeping the frequency of the second field
constant.w, is varied starting from 19500 cnt and upto
21522 cm'?, which is the dissociation threshold of the FID
molecule from the initialv;=0J;=0 level. The one-
dimensional1D) dynamics of this system was earlier inves-
tigated by our group6]. Through the present 3D calculation,
we want to explore both the branching ratios of photofrag-
ments and their angular distributions for various frequencies:
In the absence of rotations, the values of the branching ratic
cannot be reliable while the concept of angular distributions
is, of course, meaningless for a rotationless model.

In Fig. 1, we show the potential-energy curves of the two
lowest states of the free molecule, which have been consid- rig 3. adiabatic potential-energy curves for the two electronic
ered in our calculation. In the diabatic representation, thesgiates GS and ES of HDat laser frequencies; =10 053 cm*
states are denoted by GS and ES. The unperturbed initighg »,=20668 cm'?, and each laser intensity 1 TW/@mThe
levelv;=0,J;=0 on the GS potential curve has been shown gressed energy corresponding to the initial field-free rovibrational
Dissociation may occur by absorption of more than one photevel v;=0,J;=0 is also shown. The vertical dotted lines indicate
ton of one or two frequencies but not by absorption of athe positions of avoided crossings due to multiphoton interactions
single photon of either frequency. Simultaneous absorptioinvolving different photon numbers(,n,).

R (a.u.)

FIG. 1. The two lowest potential-energy curves GS and ES o

IV. RESULTS AND DISCUSSION
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(n1,n,) and each of the diabatic curves can be labeled by th ~ 0.00025 : : : : : :
three labels, GS or ES for the electronic state andrf,). It )
is to be noted that the spreading of these curves due tome | ©,=20668 cm” i
lecular rotation has not been displayed. The adiabatic curve
arise from field induced mixing of the diabatic curves and
thus cannot be uniquely labeled. For simplicity, only one of—~ ;0015 | L
the many diabatic and adiabatic curves with differing rota- §
tional properties has been plotted. We shall base our discu.£
sion on these simplified diagrams. In reality, for a 3D model 2 000010+ -
each curve should have a band associated with it.

We note that the adiabatic curves arising from the diabatic

@ |

Lin

curves GS and ES of the undressed field plus molecule sy:  ****1 \..-// I
tem exhibit avoided crossings at various points. These cros: " TTe———
ing are the consequences of the multiphoton interactions be ... ' . ' . ' . ' . '
tween the corresponding diabatic curves. The number ¢ 10000 10020 10040 10060 10080 10100
photons involved at each crossing is denoted at the top of th o,(em”)

figure in the notation 1f;,n,). Because the energy of each
combination of photon numbers is fixed, a multiphoton in- ;0025 \ \ \ \
teraction involving a definite combinationn{,n,) takes {b)
place between the appropriate GS and ES diabatic potentia ] ©,=10053 cm” [
at a definite internuclear separation. For example, all avoide  0.00020+ -
crossings between GS and ES near 2.5 a.u. arise due to t ] |
exchange of three, photons and so on. Sine&~2w, the
avoided crossing arising due to the exchangaophotons 0.00015 1 I
of frequencyw; andn, photons of frequency, is degen- . -
erate with that due to the exchangergf+ 2n, photons of 0.00010 H ‘ L
frequencyw,. | 1
These avoided crossings play an important role in the ex ] _ l I
citation and dissociation dynamics of the molecule. At eacl  o.0000s / l N /./ -
avoided crossing, depending on the strength of the interac ] l 4 v - "
tion, the molecule can follow the adiabatic path or alterna- e
tively, the nonadiabatic interactions due to the nuclear mo %01 I v P o
tion may force the molecule to follow the nonadiabatic path.
In other words, the resulting wave functions in the presence
of laser fields will not be purely adiabatic but a linear super- £, 4. The total dissociation linewidth of HDfrom the initial
position of different adiabatic wave functions. levelv;=0J;=0 at each laser intensity 1 TW/éma) v is varied
Apart from this, there will be a direct coupling of all andw, is fixed at 20 668 cm?, (b) w, is varied andw; is fixed at
orders between two GS states due to the presence of the 053 cmt.
permanent dipole moment of HD Thus a molecule in the
vibrational-rotational ground level can absorb a photon of=0,J;=0 andv=6J=1 levels. The dissociation linewidth
appropriate frequency and make a transition to another fieli clearly enhanced at two values @f. At the higher peak
dressed bound or quasibound level of another field dress€dr w,=10053 cm* the enhancement is more than eight
state with a dominant GS charactérsuch a level exists times the background. This, of course, suggests an interme-
In 1D calculation[6], this situation gave rise to vibra- diate one-photon vibrational resonance. However, due to the
tional resonances where the dissociation linewidth was dragpresence of the rotational degree of freedom, mixed rota-
tically enhanced. Asw, was varied keepingw, fixed, the tional states are now formed, each consisting of a linear su-
positions of the vibrational resonances changed due to thgerposition of states with different rotational quantum num-
modification of the long-range part of the potential. Thebers. A second resonance with such a mixed state which does
dressed adiabatic state, which corresponds to the absorptiot have a strong transition moment from the ®@%) state
of onew; photon near the equilibrium, could support a qua-must be responsible for the resonant increase of the dissocia-
sibound level at the initial molecular energy for certain val-tion linewidth at the lower frequency of 10 030 ¢cfh
ues ofw, only. For intermediate value ab, the linewidth Now, we keepw, fixed at 10 053 cm? and plot the total
became very small and the molecule became exceptionallyissociation linewidt{FWHM) as a function ofv,. The plot
stable against dissociation. is shown in Fig. 4b). Again, for the fixed value ofv;, we
Something similar happens in our model also. Figua 4 get resonance enhancements at different values,ofhich
gives a crude plot of the total dissociation linewidtiall  are five to seven times the background. The resonances are
width at half maximuntFWHM)] as a function ofw; for a  with the level which would bey=6,J=1 in the potential
fixed value ofw,=20668 cni*. The values ofy; used here with the GS(1,0) character near the equilibrium in the ab-
are near the field-free transition energy between #he sence ofw,. The single-photon interaction between @A)

.1)

Linewidth (cm

coz(cm'1)
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and ES(1,1) potentials causes a double-well adiabatic poten- = =~ 21590 2150 =~ Z1%0 220 20 21500
tial which has a GS1,0) character near the equilibrium po- @)
sition. Of course, now there are several such potentials and T |
number of avoided crossings because of rotational spreadir (,,f;oosscm-'
and this makes the picture very complicated. One of the con
sequences of this complication is that even midway betwee
intermediate resonances, the destructive interference betwe
contributions of closely spaced neighboring quasibound lev&
els cannot efficiently stabilize the molecule. Zero linewidth"™
is never obtained, for the many nonresonant paths throug
laser induced adiabatic states with a mixed rotational stat
character can never manage to cancel completely. 51
For this reason we tend to get only a few peaks betwee
w,=19500 and 21 500 cit. Precisely, we get three groups 0
of two peaks each. Visualization of what is happening here it
rather difficult. However, the basic idea of the 1D model
described in detail earligb] should remain valid. If we con- %
centrate only on the single-photon interaction neglecting the ] o |
multiphoton avoided crossings, then the adiabatic potentie
corresponding to G$1,0), near the equilibrium, becomes
double welled with the energy lying very near the asymptotic
energy and the lower peak. The barrier height and the pos
tions are sensitive t, and thus so are the energies of the _
possible bound levels. When we vavy, a resonance occurs = o V0 v=6 i

L ]
whenever the position of one of such bound level coincide 0 -

with the initial energy of the field-free ground level. Because b :;8 :;(1]
of the presence of many adiabatic states with a mixed rots ] x10° x5.10°
tional character, we obtain two peaks at closely spaced va
ues of w,. These are the signatures of bound levels in twa
different adiabatic potentials within the band. L . A
This is tested in Figs.(8) and 5b) where we have plotted E (em™)

the total overlapsT;) of the free scattering wave function
with two different bound level wave functions, the=0J;
=0 wave function in the diabatic state G§,0) and thev

25 <

20 4

15

T T T T T T T T T
-21623.0040 -21523.0032 -21523.0024 -21523.0018 -21528.0008

-21550 -21540 -21530 -21520 -21510 -21500 -21490
1 1 1 1 1 1 1

254 0,=20400cm”’ [
©,=10053cm’'

20 =

FIG. 5. Total overlapd; between the free scattering wave func-
tions and the bound wave functions of Hn the diabatic poten-

P . . . tials GS(0,0) and GS(1,0) for v;=0,J;=0 andv=6,J=1, respec-
=6,J=1 wave function in the diabatic state G50 at w, tively, plotted as function of the total energy at each laser

_ -1 ; _ +1
=10053 C.m : ln_ Fig. _&a), for w,=20668 cm ~, both the intensity 1 TW/cm. (a) at resonance frequency w,
overlaps give a single line spread over a range of energy. The 59 gg8 cm?, (b) at off-resonance frequenay,=20 400 cn >

peaks of the two overlaps are exactly at the same energy, —10053 cni® in both the cases. The energ§) scales corre-
Different horizontal scales are used for the two overlaps insponding to the curves are indicated by arrows.

Fig. 5(a) in view of their very different widths. The width of
the GS(0,0) overlap is 2.1& 10" % cm™*, while the width of  overlap spreads over hundreds of ©m Such diffuseness
the overlap with the G§1,0) (v=6,J=1) state is a few indicates that the =6J=1 level is not even transiently oc-
cm™ L. This shows that the laser shifted initial level acquirescupied at any stage of scattering. This implies that the reso-
a distinctv=6,J=1 character in the GEL,0) potential. This  nant enhancement of linewidth occurs whenever a photon
suggests that in the range of internuclear separation whetgbsorption occurs to the=6,J=1 level of the diabatic po-
there is no avoided crossing, the molecular wave functionential GS(1,0), which adiabatically becomes quasibound on
has a mixed character for this combination of frequenciesinteraction with more photons.
This mixed character must arise through the one-photon in- Figure 6 shows the branching ratios of the photofragments
teraction mediated through the permanent dipole. There is n@ different photon absorption channels as functiomgffor
evidence of a two-photon interaction leading to a GSew, fixed at 10053 cm®. We see that on resonance the ES
(—1,1) character. (1,1 channel is the dominant one but at off-resonance the
Figure 3b) shows the same overlaps but fap,  probability of dissociation through this channel is negligible.
=20400 cm ! where there is no peak in the linewidthig. For the off-resonance dissociation the most effective chan-
4(b)]. As earlier[Fig. 5@], here also different horizontal nels are the E$1,2), ES (2,1), and, to a lesser extent, GS
scales are used for the two overlaps in view of their different1,2). At the frequencies where resonance occurs, the contri-
widths. In this case the overlap between the solution of théutions of all these channels reach minima. However, at the
CC equation and the=6,J=1 bound level wave function resonance frequencies there is a small contribution from the
in the GS(1,0) potential is spread over a very wide range of ES (3,0) channel.
energy without any single well-defined peak. In fact the These findings can be qualitatively understood by refer-
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08 : : : in thev=6,J=1 level after a one-photon absorption only
1 ©,=10053 cm” [ for certain values of the frequenay, which we call reso-
r nance frequencies. It is worth emphasizing here that strong
I selectivity with respect to the photon number absorbed is
B obtained by varying the second frequeneyin the presence
AL B N I of the first frequencyw;. In our formulation, the final popu-
Yolla | AR A lations in the GS and ES states imply the formation &f H
and D" ions, respectively. No further transformation is nec-
.- . essary to obtain the atomic states.
""" U e AT Previously, it has been shown that the branching ratio be-
........ tween the two states and between the various possible kinetic
| : . energies of the photofragmengsesulting from the absorp-
19500 T om0 v 21000 oo tion of different numb(_ar of photqmsjepends on the intensity
o,(m”) and frequency when light of a single frequency is ulgdlt
is also strongly dependent on the shape of the initial wave
FIG. 6. The branching ratios of the photofragments of'HB®  function. For example, if the wave function and the intensity
different absorption channels as functions®gfkeepingw, fixed at ~ are such that a tunneling or a bond softening transition is
10053 cm'* at each laser intensity 1 TW/ém most dominant then the molecule should prefer to dissociate
by the absorption of a single photon and it ends up in the ES
ring to Fig. 3 again. For the adiabatic potential curve corre-sState. Similarly, for comparatively weak fields, the dissocia-
sponding, near equilibrium, to the diabatic potential GStion from low vibrational levels by a three-photon absorption
(1,0, the most important avoided crossing will be around 4to the ES state may be made to dominge Charronet al.
a.u., since the wave functidgwhich has thes=6,J=1 char- [5] obtained almost an equal flux in the two states GS and ES
acte) can be appreciable in this region. Dissociation canfor 780 nm wavelength and from initial =3 level of HD"
occur through further one», photon absorption at 4.1 a.u. for 1=10 TW/cnf. They argued that the dissociative energy

and subsequent adiabatic passage with a further nonadiabafiéx does not “feel” the asymptotic energy splitting between
transition near 5 a.u. It is clear from Fig. 2 that such pathghe two states. Earlier, we obtained similar behavior for the

would cause dissociation through E$,1) and ES (3,0 above-threshold dissociation fluxes at several intensities de-
channels only. However, when this G$,0) potential plays Pending on the initial wave function and the photon number
no role in the process as an intermediate, most of the diss¢hannels and interpreted them as the outcome of competition
ciation should occur through th®,3) avoided crossing near between different adiabatic and diabatic pathways to disso-
2.5 a.u., because the initial wave function is appreciable onlgiation[3]. The outcome of this competition depends on the
in this region. In this case, after adiabatic passage through

the (3,0 crossing, further higher-order multiphoton interac-  os4s L . - . - . -
tion may not play important roles as distinct from the one- (a)
photon transition near 4 and 5 a.u. It can be seen that  ***] I
three-photon transition followed by diabatic passage and fur  ¢.gss L

0.5+ ES (1.1)

0.4 4

Branching ratios

ther single-photon transition should give the final states ES(1)
which are observed to be most probable when there is n = %1 [H(18)+D"] r
resonance with any GS state. 8 0925 ] L

In effect, below threshold frequencies and for such comg
paratively low intensity, nonadiabatic paths will be preferred g, 9201 r
over adiabatic passage through higher-order crossing;_g 0015
Single-photon crossings occur at large internuclear separi 0085 (b)
tion, and at small internuclear separation single-photon trar® ~
sitions can take place only by a vibrational transition. How-2 0.0 -
ever, vibrational levels are sensitive to the frequencies 0 ;5 GS()
both fields and such transitions can occur only for particula [H*+D(1s)]
field combinations. In other cases, direct multiphoton transi- ] i
tions through higher-order avoided crossings are the onl'  o.es- L
possibility if we start from a narrow localized wave function.
However, the cross sections of such multiphoton transition:
are much smaller compared to those occurring through resc 0955 T T T T T T T

. . . 19750 20000 20250 20500 20750 21000 21250 21500
nant paths. The interesting effects occur because by changi © (cm'1)
w, the field dressed energy of the=6,J=1 level (for n,
=1,n,=0) is changed and this particular level can act as an F|G. 7. The branching ratios of the photofragments of Hir
important long-lived intermediate state for certain values ofthe initial level v;=6,J,=0 as functions of one-color laser fre-
w, when w, is kept fixed. This is demonstrated in Fig. 5 quencyw at laser intensity =1 TW/cn?. (a) for ES (1) [H(1s)
where it is clearly seen that the molecule can be said to exist D*], (b) for GS (1) [H* +D(1s)].

0.060 -
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FIG. 8. Angular distributions, in both linear and polar plots, of o

the photofragments of HDto (open photon channel E$L,2) for

nonresonant frequencies, with w, fixed at 10053 cm! at each
b o,

laser intensity 1 TW/ch (@ w,=19800cm?,
=20300 cm?, (c) w,=20900 cm'*.

frequency and intensity of the laser and also on the shape ¢

the initial wave function.

In Fig. 7, we present the branching ratios for the fluxes in
the two states GS and ES from the initig=6,J;=0 level
of HD™ in a single-frequency field. Almost at all the fre-
quencies considered, the flux in the E$ channel is much
preferred over that in the G&) channel. For high initial

PHYSICAL REVIEW A 68, 013401 (2003

vibrational level and the intensity used by us, this should be
the normal outcome. This is the general pattern expected for
a process driven by lowering the adiabatic potential barrier.
Very small fluxes to other photon absorption channels deter-
mined by higher-order avoided crossings are found to be
equally distributed between the GS and ES states but the
crossings are not effective when the initial levebis=6,J;

=0.

The different mechanisms of the multiphoton transitions
in resonant and nonresonant cases result in very different
angular distribution of the fragments in the two cases. Fig-
ures &a)—8(c) show the angular distribution patterns for
three nonresonant frequencies in the channel ES1,2)
where the flux is maximum. In each case, the angular distri-
bution pattern follows the usual expected pattern of a narrow
angular distribution in the forward and backward directions
obtained earlier for the single-frequency multiphoton disso-
ciation [7]. The half-width of the pattern is about 9°. The
axis is along the polarization direction of the linearly polar-
ized laserdboth polarized in the same directioimhus we
may say that the physics involved in the two-frequency non-

,=10053 cm”
0,=20145 cm’’

1.25 - -

()]

1.50 -

1.00 -

=  0.75 -
o
0.50 - -
ES(1,2)
0.25 - -
0.00 /.¥ r T T ‘_/.-\
0 30 60 90 120 150 180
7 0=10053cm"  (b) /[
©,=20759 cm” [
2.0 - =
1.5 = =
3
1.0 -
ES(1,2)
0.5 -
0.0 . T = r v T .——-/.\ y
0 30 60 920 120 160 180

o(deg)

FIG. 9. Angular distributions, in both linear and polar plots, of
the photofragments of HDto (open photon channel E$L,2) for
resonant frequencies, with , fixed at 10 053 cm? at each laser
intensity 1 TW/cmd. (@ ©,=20145cm?t, (b
=20759 cnt.

w3

013401-9



DUTTA et al.

1 v T v
®=10053cm™ (a)
©,=20012 cm™

()
©=10053 cm’
®,=20668 cm”’

FIG. 10. Angular distributions, in both linear and polar plots, of

T T
90 120 150 180

o(deg)
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for resonant frequencies, with w, fixed at 10053 cm? at each
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laser intensity 1 TW/cth
=20668 cm L.
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has a very small relative flux on resonar(€ég. 6) and the
angular distribution pattern is almost the same as in the off-
resonance casgig. 8).

Figures 10a) and 1Qb) plot the angular distribution in the
ES (1,2) channel at frequencies, for which the resonant
enhancement of the linewidth is obtained. These angular dis-
tributions of the fragments exhibit very different patterns.
They all have a large number of scattering rif@S], which
are peaks in the angular distributions at various intermediate
angles. The rings become more and more promineat,as
increased. The spatial spread of the wave function before
dissociation as well as the dense manifold of coupled rota-
tional levels present at large internuclear separation may be
responsible for such a behavior.

V. CONCLUSIONS

We have presented the time-independent CC calculation
of the two-frequency intense-field multiphoton dissociation
of HD". We address the problems of the multiphoton disso-
ciation linewidth, branching ratios, and angular distributions
of the photofragments of HD induced by two strong lin-
early polarized parallel laser fields of equal intensity of
1 Twi/cn?. No reliable values of the branching ratios to dif-
ferent channels can be obtained unless rotational motion is
taken into account. Angular spread of the fragments is, ob-
viously, a consequence of the rotational motion. Both the
branching ratios and the angular distributions show striking
changes when the frequency of one of the lasers is changed.
We show that at some combinations of the frequencies, an
intermediate one-photon vibration-rotation resonance takes
place due to the presence of the permanent dipole moment of
HD*. This intermediate resonance is responsible for the
drastic changes observed. The branching-ratio pattern can be
explained by invoking the dynamics on a simplified set of
adiabatic potentials obtained due to the modification of the
field plus molecule potentials by the field plus molecule in-

resonant multiphoton dissociation is the same as that for sudieraction. However, for an explanation of the scattering rings
single-frequency fragmentation.

In Figs. 9a) and 9b), the angular distribution in the ES gular motion on a large number of rotationally coupled adia-
(1,2) channel is plotted whew, is resonant. This channel batic surfaces may have to be made.

on resonance, a detailed analysis of the dynamics of the an-
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