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A time-independent close-coupling calculation of multiphoton dissociation of FtBm the ground vibra-
tional level in two fields, each of intensity Yowvlem?, and frequencies below the dissociation threshold, is
presented. The lower frequeney; is varied around the difference between the energies of the Stark shifted
v=6 andv=0 levels, while the higher frequenay, is varied by about 2000 cht up to the dissociation
threshold of thev=0 level. The dissociation linewidth of the initial=0 level as a function ofw, is a
Lorentzian(as expected for a simple resonant two photon dissociation pjostese height, position, and
width all depend upon the value af,. With respect taw, this linewidth of the initialv =0 level exhibits a
series of asymmetric peaks. The position of each of these peaks shifts considerably wheatanged. The
energy of the intermediate resonance in the closed channel corresponding to the absorption of @;single
photon strongly depends on the second frequemgy, The peaks againsi, occur whenever this resonance,
with a dominantv =6 character, coincides in energy with the Stark shifted0 level in the initial closed
channel [S1050-294{@9)01206-9

PACS numbegps): 33.80.Rv, 33.80.Gj, 42.50.Hz

I. INTRODUCTION large internuclear separation very different from those for
H,". The displacement of the center of mass from the geo-
Rapid theoretical and experimental progress in the studynetrical center gives rise to diagonal matrix elements of the
of the interaction of small molecules with intense laser fieldsdipole moment operator in both states, allowing radiative
[1] in the last few years has revealed many interesting, anttansitions within the same electronic state and thus raising
sometimes surprising, effects which are directly related tdhe possibility of intermediate vibrational resonances in
the presence of the degrees of freedom of nuclear motioMPD of HD™, which is not possible in its homonuclear iso-
The distortion of the electronic charge cloud by strong field-topic counterpart. The enhancements in the two-photon dis-
molecule interaction causes modifications of the potentiakociation(TPD) probability in two-frequency fields due to
surfaces on which the nuclei move and the nuclear motionghese intermediate resonances have been earlier investigated
in turn, cause couplings between the modified electroniavithin the framework of a resolvent operator approg4h
states. Thus, theoretical treatment of multiphoton dissociawhich essentially depends on defining an effective Hamil-
tion (MPD) of these simple molecules requires consideratiortonian for the field-molecule system. The whole set of un-
of nuclear motion on these coupled field-dressed potentigberturbed eigenstates of this system was divided into two
surfaces. complementary spaces. The first space consisted of a few
From the beginning of such studies, the simplest oneessential vibrotational levels, connected resonantly, and de-
electron diatomic molecule i and, to a lesser extent, its scribed by the projection operat®; and the second space
isotopic analogue, HD, have played a key part in MPD containing all other eigenstates, was described by the projec-
studies due to their sparse distribution of excited electroni¢ion operatorQ=1—P. The Q space modifies the coupling
states and well known electronic structure. In fact, for thesenatrix elements between the levels in fRespace and their
systems, in the intensity and frequency ranges for which theenergies. These modified quantities were used to define the
oretical and experimental work have been done, only the tweffective Hamiltonian in thé® space only, whose equations
lowest lying electronic states have been considered for uref motion are solved explicitly. The modifications are gener-
derstanding the dynamics. Much of the early advances in thelly calculated to the lowest nonvanishing order of perturba-
theory of interactions of simple molecules likg Hwith in-  tion in both the real and the imaginary parts of the matrix
tense laser fields has been summarized by Bandzaakin  elements, though in principle their evaluation can be ex-
their 1993 review[2]. Phenomena such as above-thresholdended to higher ordef$].
multiphoton dissociatiofATMPD), and concepts like laser This method of resonant MPD calculation is only appli-
induced avoided crossings needed to understand such pheable up to a certain value of the intensity, depending on the
nomena were also discussed there in a comprehensive wafrequency and the coupling matrix elements. Above a certain
The study of HD is of particular interest, because, as range of intensity, isolation of a particular set of levels of an
discussed later, this system, unlike its isoelectronic countelintrinsically multilevel system as the essential ones on the
part H,*, goes to distinguishable atomic states at large interbasis of a single criterion may become unacceptable. Com-
nuclear separation, with the electron either on the H or the plex multiphoton interactions involving many absorptions
nucleus[3]. This also gives rise to radiative couplings atand stimulated emissions between any number of levels,
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even those not included within the set of essential states, casirong stimulating Stokes field was formulated and the inter-
take place. Also, backflow to the discrete levels from thepretation was given in terms of dressed states earlier by Ban-
continuum may occur. What is more, such transitions mighdrauk, Turcotte, and Girouil1]. Up to now, however, for
sometimes occur also through highly off-resonant counteratoms as well as for molecules, theoretical treatment of such
rotating terms. For high enough intensities such interaction§tructures have mostly relied upon consideration of the exci-
should be treated on the same footing as those between tf@fion of a specific set of resonances which are mixed with
resonant levels. Also, the so-called pole approximationthe continuum by a second field, thus creating a new set of
which is an important step in the essential states approac“i?ser induced resonant levels. This approach is adequate for
may be questionable. In such situations the resolvent operd2€ System at the specified intensities as it is for non-Rydberg
tor method for treating MPD is inappropriate. It was earlierStates of atom, but it is not very clear whether laser induced
estimated that the above-mentioned effects would start to bgontinuum structure due to vibrational rotational resonances

significant between 16 and 162 Wicn? for vibrationally " molecules could be realistically modeled in this way at
resonant TPD of HD). higher intensities, particularly when a number of intermedi-

At such intensities, generally the radiative couplings are?t€ resonances may be involved. The CC method allows us
treated on the same footing as the field-free internuclear pd® OPtain the laser induced structures in the total dissociation
tentials and the solution of the Schiinger equation for the rate due to the resonances for higher intensities and for any

nuclear motion for the fieltmolecule stationary Hamil- combination of frequencies without the need of any further

tonian is sought on the strongly interacting potential curves@PProximations. In particular, all the bound and free vibra-

This is the close-couplingCC) approach, and as many elec- tional levels of all electronic states are treated on equal foot-
tronic Floquet basis statéwith different number of photons N9 and no particular set of Ieyels is |d_ent|f|ed as the “essen-
as required by the problem can be incorpordtid A com- tial” set. The counterrotating interaction terms are allowed

plete description of the CC formalism and methodology i to influence the dynamics, and the coupling between the con-

given in[2]. For this time-independent CC approach to bef[inua an_d bound levels are not merely taken to be causing an
valid, the intensities should not vary significantly on the time!T"€versible decay, but are treated to all orders.
scale of the fragmentation process, and there should be a

In the next section we give a brief formulation of the two-
sufficiently large number of field cycles within the rise time frequency CC problem and indicate how interesting informa-
of the pulse which, in turn, should occupy a length of time

tion and physical understanding can be obtained from the
substantially less than the time for which the intensity re-solutions. Finally, we present the results that have been ob-
mains essentially constant.

Based on these criteria. thigined with a small basis set at not too high intensities. Nev-
method should not be used for any realistic estimate of th&'theless, these results clarify some fundamental aspects of
dynamical characteristic of the system for laser peak intenth€ Very interesting behavior that may be exhibited by such

sities exceeding 6 W/cn? for HD™. Indeed, within this SYStems.
intensity range the CC formulation has been applied to the
ATMPD of H," [6,7] and very recently, of HD [8]_. Il CALCULATIONS

In the present work we apply the CC formulation to two-
frequency resonant MPD of the simplest heteronuclear mo- The total photodissociation linewidth from the ground
lecular ion HD" from the ground vibrational level, when level (v=0) of HD" in a two frequency field has been cal-
both frequencies are below the dissociation threshold. Outulated as a function of the two frequencies and w,.
aim is to investigate the resonance structures in the dissoci#& so chosen that the energy of this photon approximates the
tion rates of this system arising due to the presence of thenergy of a vibrationally excite@n this case the =6 leve)
dipole allowed vibrational transitions in the ground elec-Stark shifted level with respect to the Stark shifted ground
tronic state as a function of the frequencies. We shall interlevel, v =0. Of course we do not know these Stark shits
pret the structures as arising from changes in position angriori. As we shall demonstrate, the assignment of the laser
character of the laser induced resonances which are thaduced resonances to particular Stark shifted levels should
eigenstates of the molecule dressed by two fields and dése justified first and then these shifts would emerge in a
scribed by the adiabatic Hamiltonian. This phenomenon isatural way from the calculations along with the dissociation
closely related to the “laser induced continuum structure,”rates. In our case, the shifts being rather weak function of the
or LICS for short, which was extensively investigated in thefrequencies, the resonances can be accurately located for any
late seventies and throughout the eighties, mostly in the corfrequency, after a couple of iterative steps.is varied over
text of ionization of atoms in strong multifrequency fields a wide range up to the dissociation threshold. We assume
[9]. More recently, however, extensive calculations have exthat all the molecules are aligned in the direction of field
plored the possibility of gaining control over photodissocia-polarization by rapid rotational pumping and the emitted
tion branching ratios of Nain two different electronic states photofragments are all along this direction. This allows us to
by frequency tuning10]. This was achieved through the neglect the rotational part of the wave function and make a
change of relative contributions of two different interfering purely radial expansion of the nuclear wave functions. This
routes to photodissociation in two-frequency fields by suchapproximation has been justified by more elaborate calcula-
tuning. One of the lasers is used to excite laser induced vitions for higher intensitief12], but this has been the usual
brational rotational structures in the dissociative continuumapproximation made in CC multiphoton absorptions of the
created by the other laser. Basically this is photodissociatiosimplest molecule k' over the whole range of intensities
in the presence of stimulated resonance Raman process. Th8, though rotational effects were included in strong-field
theory of such processes for a weak photodissociating antime-independent calculations of two step photodissociation
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of Li, [13] and ATD of H,* and HD" [8]. CC studies. Using a manifestly gauge invariant calculation,

In HD*, the transition moment between the two lowestWwith a large enough electronic basis, the converged dressed
electronic eigenstate@esignated as GS and ES, which arepotential curve$19] were found to give excellent agreement
linear combinations of the states designated asgland with the two-state dressed curves obtained from the length
2po, in the absence of the symmetry breaking opepatorgauge form, but not with the two-state velocity gauge results
vanishes in the asymptotic limit. This molecule has the samél]. It is now agreed that the length gauge representation is
electronic structure as H, and in H* the transition mo- better for two-state calculations. This implies that earlier cal-
ment diverges af/2, at large internuclear separatioRs culations of the MPD width of K" in velocity gauge(as in
[14]. The two lowest electronic states are asymptotically de{6]) do not give correct results. In fact, it has been shown that
generate in H". In HD*, due to the mass difference be- the shifts and widths of the ground state are less by several
tween the nuclei, the symmetry is broken and the degeneraayders of magnitude when the ATD calculations are done in
of the electronic eigenstates is removed by nonadiabatic irthe more appropriate length gauldd.
teractions arising from nuclear motion which, at laBe The nonstandard diverging behavior in the length gauge
strongly couples the sy and 20, Born-Oppenheimer can be changed by judicious truncation of the interaction.
states. The simple Born-Oppenheimer Hamiltonian approprivWe have included an exponentially decaying cutoff function
ate for H,* can be modified by making a unitary transforma- in the linearly diverging dipole matrix elements beyoRd
tion which eliminates the symmetry breaking term in the=R.y. The value oR_,was so adjusted as to have no effect
kinetic energy[15] to first order in the inverse of the nuclear on the total linewidth. As in our earlier wofi8], the value of
mass. To that order the new field-free molecular electroni0 a.u. forR;,; and 0.5 for the exponent in the decay function
Hamiltonian has no term involving derivatives with respectwas found to be satisfactory when the integration of the CC
to R. But this transformation introduces new terms in poten-equations was continued up to 30 or 40 a.u. A similar
tial energy and transforms the potentials. The symmetry ofnethod was also used [20]. Mies[21] also found that the
the potential is broken and new eigenstates GS and ES ateuncation radius, after a certain value, does not have any
defined which are linear combinations of the Born-effect on the total width or shift of any laser induced reso-
Oppenheimer orbitalg3]. These are the field free solutions nance, but the branching ratios to various photon number
for the electronic wave function to first order in inverse channels oscillate a bit. In our earlier work on above-
nuclear mass at aR and their use entails only the neglect of threshold dissociation of HD using full vibrational-
higher order nonadiabatic effedis5]. Asymptotically, they rotational wave function, we also found that the above men-
go to the atomic states on D and H, respectively, giving thdioned truncation radius led to the converged total rate values
correct dissociation limit. The transition dipole moment be-[8].
tween these two states vanish at laigeand correct elec- In this work, we do not consider the branching ratios to
tronic density functions near dissociation are obtained. Howvarious Floquet channels corresponding to different numbers
ever, the diagonal matrix elements of the dipole momentf absorbed photons and different photofragments. Reliable
operator in the new basis, the permanent dipole moments iestimate of these ratios would require inclusion of a much
the ES and GS field-free states, divergeRd#3 and—2R/3,  larger number of Floquei.e., photon numbérchannels. In-
respectively. Thus again in this new basis, after the eliminastead we have worked with a minimal Floguet basis, which,
tion of the derivative with respect f&from the Hamiltonian, however, brings out the essential features of the nature of
it is not possible to define appropriate field free states for avariation of the totali.e., summed over channgldissocia-
scattering calculation with proper boundary conditions. tion rate with the frequencies and helps us to understand how

In our earlier effective Hamiltonian approach, this diver- the intermediate resonances are determined by these frequen-
gence was avoided by using the velocity gauge form of thesies. In this calculation we have included eight channels,
radiation matter interaction. This was also the approach ofvhich includes, apart from the initial one without absorption
other authors interested in the CC studies of ATMPD gf H of a photon, both the GS and ES states with a single photon
in its early stages. Unitary gauge transformations in suctof any one kind absorbed, and with a single photon of each
problems has been discussed in detai[did]. Though it is  kind absorbed. These channels we felt to be the most impor-
well known that the fundamental quantum mechanical equatant ones for capturing the main features of the frequency
tions are gauge invariapl6], in practical problems the two dependence of the dissociation process. A channel with ab-
gauges can give widely different results, particularly in two-sorption and emission of photons was included rather arbi-
state calculations. This is an old problem, addressed byrarily.

Lamb in as early as 19927]. Later, Lambet al. pointed out Henceforth during discussion, each channel will be la-
that though in some cases the two gauges give identical rdseled by the number of photons absorbed, i.e., by the nota-
sults when the same set of eigenstates is used, there are sition (n,,n,) and either GS or ES depending on whether the
ations where the completeness argument of intermediatelectronic state involved is the ground bonding state or the
states is not sufficient to ensure gauge invariance in a pappper antibonding one. The index for the electronic state
ticular calculation 18]. In such a case, using the eigenstatesmay be omitted when there is no possibility of confusion.
of the unperturbed Hamiltonian with a velocity gauge doesSuch labels, of course, relate to the diabatic or the
not give the correct answer, resulting in a discrepancy withmoleculet-field state without the field-molecule interaction.
experiment. This is because many highly off-resonant virtuall he interaction terms cause a mixing of these diabatic states.
transitions can become very important. More recently, a di- Thus the total wave function at a fixed total enekggan

rect claim of the superiority of the length gauge form of thebe expanded in a basis of these diabatic or bare
interaction has also been made in the context of the two-stat@oleculerfield channel statefsl)
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N;—n; and N,—n, numbers of photons of frequenay;
V(E)=2 |d)F4(R). (1) and w, respectively presenf4(R) are the components of
¢ the wave functiorF of radial nuclear motion in the channel
Since we are neglecting molecular rotatioRss simply the ~ states(d|.
scalar internuclear distance, and The total Hamiltonian in the length gauge can be written
as
d)=|A,ny,n)=®,(r,R)|N;—n;,N,—n5,). 2
| > | 1 2> A( )| 1 1 2 2) ( ) H=TR+H0+VIr‘ad, (3)
Here A denotes the index of the electronic state whose wave-
function is® ,(r,R), r being the electronic coordinate, and whereTg is the nuclear kinetic energy operator avifl is
n, andn, the number of photons of frequencies andw,  the radiative interaction operator in the length gauge and
absorbed whose initial numbers ate andN,, respectively.
Thus herdN; —n;,N,—n,) is the photon number state with HOld)=Wg(R)|d), 4

Wg(R)=VA(R)—nlﬁw1—n2ﬁw2—> EA_nlh(x)l_nzﬁwz. (5)

R— o0

W9 are the eigenvalues of the channel states with the origifidependent solutions of E¢), i.e., different eigenstates of
shifted by the initial energy of the field, i.e., by /iw, the total HamiltonianH. Thus it acquires a finite width in
+N,iw,. E, is the asymptotic energy of the electronic €Nergy. The.extgnt of the spread of the in_itial wave packet
state A and the observable asymptotic fragment kinetic enOVer energy is directly related to the transition rité]. For

ergy is given by a particular value of total energy the time independent dif-
ferential probabilityP, ;. for any outgoing wave state and
eqg=E—Ep+tNifiwi+nofiw,. (6) any initial bound state in the closed channeal can be de-
fined by

For e4=<0 the channedl is closed and foe4>0 it is open.
Since the solution does not depend on the origin of the en-

ergy scale, all the energies have been measured with respect Po.ic(E)=[{(FZo(E,R)|xi,c(R))I, 9
toN;Zw,+Nyhw,, i.e., the initial field energy, anH is the
total energy of the system measured from this origin. where x; ((R) is the wave function of the field-free bound

The matrix form of the coupled equations for the wavestatej in the closed channel In the previous work§s, 8,23
fUnCtion of the rad|a.| nUCIear mOtIO(lth reduced maSﬂ) at the position of the peak Of the quantia/was used to iden_
a total energyE is given by tify the initial bound state in the presence of the laser field.
The width of this integral over energy gave the transition rate

2/ 222 2(E_ _

[o79R"+ 2ulh™(E=U)]F =0, @) from the initial state. For below threshold dissociatiorcan
where also be taken to be any other closed channel with a number
of photons absorbed, and in this work we shall see how an
Udd’(R):Wg(R) Saar T Var (R Sn n+10n n intermediate resonance in a closed channel with a single pho-

1M1= 212 .. . . .

ton absorbed is indicated by values Pfwith a differentc

+Var (R)VSn 1. 8nr noeq- (8)  andi. Itis well known that such intermediate resonances can
11 22—

cause enhancements of the total dissociation rate and it can

HereV, .. (R) is the radial matrix element of the interaction Pe seen from the CC calculations that the position of such a

operator between the electronic stateandA’ in the dipole ~ '€sonance can be varied by a second laser. As mentioned
approximation. The form o¥,, ,.(R) as a function of inten-  €arlier, these calculated characteristics of the dissociation

sity is as given in our earlier work7], but without the geo-  linewidth include the effects of all closed and open channels
metrical factor arising out of rotations. to all orders and the excitation of all possible vibrational

The components of the matrix of the solutiBg(E,R) of  States, unlike other methods.
Eq. (7) can give us the required information when the solu-
tion is calculated over a large number of total energies. Let
F.o(E,R) be the component of the solution in the closed
channel ¢, corresponding to the boundary condition of In Fig. 1 we show the two lowest adiabatic potential en-
asymptotic outgoing wave components in all open channelergy curves corresponding to the electronic states GS and
and an incoming wave in the open channel labeledb.as ES, respectively, for this system. The unperturbed bound
Now, a wave packet representing any bound state in anlevel with the vibrational quantum number=0 on the GS
diabatic closed channel becomes nonstationary in the prepotential has been shown. Also shown are the energy after
ence of the radiation fields. Such a nonstationary wavehe absorption of two photons of different frequencies and
packet can be expressed as a linear superposition of the timire energy of the field-free=6 level on GS. The arrows

[ll. RESULTS AND DISCUSSIONS
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25000 — T T T ergy E could be fitted by Lorentzians to an accuracy usually
1 1 better than 0.5% even when they have decreased by three
20000 ES 7 orders of magnitude from their peak values. The positions of
15000 ] the peaks of these Lorentzians at specific energies define the
energy shift of they=0 level in the two-frequency field;
10000 - | andw,. The integral over energy of the sum of these Lorent-
] x ] zian lines over all open channal§which we shall designate
" 5000 4 4 asPy(E)] gives unity exactly, confirming that the resonance
g ' obtained in the closed chanmel=n,=0 is indeed the field-
5 0 ‘ ; freev=0 level, shifted and made unstable by the radiative
5 e ] interactions. This shift between the peakRf(E) and the
& -5000 - | . energy of the unperturbed=0 level in the ground elec-
] f GS ] tronic state(—21515.93 cm?), found earlier by the solution
-10000 A | B . of the Schrdinger equation, is very insensitive to the vary-
v=o ing of w; and w,. Specifically, the energy shift of the
—15000 ~ 1 =0 level under the action of the two fields is found to be
1 4.6+0.3cm ! downwards, the exact value depending upon
—20000 1 ] w, and w,. However, the linewidths of these Lorentzians
- ] Po(E) vary over several orders of magnitude with changes
0 2 4 6 8 10 in w; andw,. They define the width of the=0 level and
R(a.u.) hence the total transition rate to all open channels from this
state in presence of the two fields.
FIG. 1. The two lowest unperturbgubtentialenergy curves GS In Fig. 2 we have plotted the sum of the overlaps over all

and ES of HD', against internuclear separatiBnThe unperturbed open channels, Py(E), against the total energg for two
bound vibrational levels witv=0 andv=6 are shown by solid  djfferent choices ofv; andw,. We see that in both cases the
lines. Positions of some other high-lying vibrational states near th‘PO(E)'s do indeed follow a Lorentzian shape to a very high
dissociation threshold have been int_jicated _b)_/ dashed_ .Iines. Th@egree of accuracy and the area under each of the curves is
arrows show some of the many possible radiative transitions. exactly equal to unity, in spite of their very different widths
and peak values. This remains true for all other choices,of

indicate some of the possible transitions caused byndw,, The transition rate and the halfwidth of the Lorent-
absorption/stimulated emission of a single photon. zian in cm ! are related by a factor@ wherec is the ve-

The variation of the linewidth of the initial leval=0 locity of light. This indicates that for our chosen values of
with the frequencies of the two photon fields was observed ahe two intensities, the transition out of the=0 level is
fixed intensities of 1&Wi/cn? for each of the fields. It was purely exponential, characterized by a single decay constant
found that the overlap®g ,-o,0,0(E) against the total en- and the initial laser induced dressed state from which the

400 1000000
(@ (b)
800000 -
300 4 .
600000 -
{11200 ~ ﬁ
= =
& o 400000 4
100
200000
o777 | e T T v ; Adsssas
0066 -0.064 -0.062 -0.060 -0058 -0.056 -0.054 -0.000808 -0.000804 -0.000800 -0.000796
E] K
E+21520.85 (cm”) E+21521.043 (cm”)

FIG. 2. P, againstE for () w;= 10024 andw,=19840 cm*and for(b) w;=10021 andw,=20800 cn’. The best Lorentzian fits
through the calculated points are shown by the solid line.
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0.0012 o o’ 0.01 3 a, fom)
4 —=— 19860 E —e— 10018
—a— 19940 E —e— 10021
0.0010 —e— 20000 1 —v— 10024
——20120 1x10'3-5 —+— 10027
—0— 20420 E
0.0008

F.E Tr-\ -4
£ 0.0006 § 1x1075
=1
2 <
H B ]
£ 0.0004 4 H

2 1x10-54

0.0002

1x106+4

0.0000

T T T T T T T T T ]
10005 10010 10015 10020 10025 10030 1X10_7

o,(cm™)

(a)
FIG. 3. HWHM of the initialv =0 state as functions ab, for
different values ofw,.

ofem™)
0.00020 H —e—10018
—e— 10021

—v— 10024
—+— 10027

1

decay occurs is overwhelmingly the=0 level, shifted by ~ 0.00015
the radiative interactions.
The linewidths(HWHM) obtained are plotted againet,
for different values ofw, in Fig. 3. For some values aé,,
the linewidth, and hence the transition rate, shows a sharp

m

0.00010 H

linewidth (c

enhancement at specific values ®f, the exact value at 0.00005

which the peak occurs and its height dependingwgn For .

some other values ab, there is practically no enhancement S . : : i 2
and the curve of linewidth againat; is flat. These curves of 21200 21250 21300 21350 21400 21450 21500
the linewidth (and hence the transition ratplotted against (b) alem’)

frequency have Lorentzian shape. This is to be expecfte_d for pg. 4 (@) HWHM of the initial v =0 state as functions ab,
a one-photon resonance enhanced two-photon transition g, gitterent values ofw; . (b) Same aga) for a different range of
the continuum. However, we note that the resonant fre;,

quency as well as the effectiveness of the single-photon reso-

nance depends on the frequency of the second égld from the best Lorentzian fit, when the overlaps decrease by
In Figs. 4a) and 4b) we show the linewidths of the initial - more than one order of magnitude from the peak values. For
v=0 level as functions ok, for four different values obo;. 3 number of combinations of the two frequencies this quan-

In the range ofw, shown, the linewidths show a number of tjty exhibits two peaks in energy, the sum of whose integrals
asymmetric peaks separated by deep minima for each value

of w,. The overall shape between the peaks suggests inter-
ference between different pathways and will be shown to be 214004 [ ™

arising from two adjacent resonances. The successive values e e Y
of w, used are separated from each other by only 3'tm 21200 ~
When w, is changed by this amount, the positions of the T
peaks on thev, axis undergo a large shift, for lower values 21000 +
of w, [Fig. 4(@)]. As w, approaches the dissociation thresh- 20800_' v\’\-.s,
old, the positions of the peaks become relatively insensitive

to changes inw; [Fig. 4b)]. The relative heights of the  ~
peaks for different values ab,; gradually change in favor of 5 |
lower w, values as the peaks are observed for higher and <" 20400
higher values ofv,. Also, the peaks at higher values @ :
are less sharp. Figure 5 shows the positions of the different 20200 H
peaks on thev, scale as functions ab;. The most interest- 1
ing feature is the large shift of the positiondn, of some of 20000 +
these peaks for small changesdn.

We have calculated the sum of the overlaps of the com-
ponent of the solution of the CC equations in the closed 19600 ] :
channel(1,0) GS with the field free vibrational wave func- 10018 10020 10022 10024 10026 10028
tion for v=6, i.e.,24-oPq,,-6(1,0) [Which we shall hence-
forth call P¢(E)], as functions of energy. These overlaps

generally exhibit a shape which is significantly non- FIG. 5. Location of the peaks of the width of the initiak0
Lorentzian in the winggwith a deviation of 10% or more level in w;,w, space.

20600

18800 ~

o, (Cm")
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0.20

--*-q, =21520 cm’
—o -, =21500 cm”
—+—0, = 21480 cm’’
—+—o, = 21440 cm”
0.15 1
, = 10024 cm’

n® 0.10 -

0.05
\'*,‘\*\"
o I

0.00 . T T T > : s et r - SIS S

-21550 -21545 -21540 -21535 -21530 -21525 -21520 -21615
E (cm™)
FIG. 6. P4 againstE for ;=100 24 cm? and four different values ab, near the dissociation threshold.
over energy, gives unityFig. 6). of w,, a single well defined vibrational state in tkig,0)

However, for most combinations of frequencies there ischannel, localized in energy cannot be resonantly excited
only one value of the total energy for whiéty(E) shows a  from thev =0 level. Instead, the wave function in tki&,0)
significant peak. When for a particular choice®f andw,  channel at the total energy equal to that of the initial state is
the position in energy of this single peakB§ matches that diffuse with a large mixture from other vibrational levels.
of the peak ofPy, the linewidth of the initialo=0 level It is to be stressed that this periodicity in the shift of the
shows a maximum. This is shown in Fig. 7, where the posiposition of the resonances in thig0) channel corresponding
tions in energy of the peaks &f, and P4 have been plotted to v =6 and their splitting with change i, occurs because
as functions ofw, for two different values ofw;. The  of the presence of the closéd,1) GS channel. In Fig. 7 the
maxima of the transition rates are at the valuesmefwhere  position of thev =6 level in the(1,0) GS channel, with the
the two curves intersect. The integral Bf over energy (0,1) GS channel excluded from the calculation, has been
around these coincidences gives a value of 0.93—-0.98. Thiadicated by triangular symbols. Apart from a small irregu-
suggests that a localized=6 vibrational level, made larity in the vicinity of w,=20100 cm?, the resonance po-
slightly diffused and broadened by radiative interactions, camition corresponding to =6 shows only a small linear shift
be resonantly excited by absorption of a single photon.  with w,. This type of variation is typically the one expected
The mixture of other levels in the closé€t],0) channel, atthe from the interaction of th€1,0) channel with the unstruc-
specified energy, is negligible. However, the value of thetured continuum of thé€1,1) channel. Thus, in the familiar
energy at which the =6 level is found isw, dependent. language of works on LICS the bound levels in tttel)

As we have seen earlier, the near horizontal line in Fig. Tchannel get embedded in the continuum ofthd) ES chan-
can be interpreted as the position of the eigenvalue of theel by the action of the fieldv;, and this laser induced
shifted groundy =0 level. It follows that resonance excita- structure of the continuum strongly affects the level positions
tion of thev =6 level in the(1,0) channel leading to en- as well as the structure of the transition rates from0 as
hancement of the transition rate from the=0 level in the  functions of w,. This is evident from Fig. 8 where, for a
(0,0 channel occurs whenever the two energies match. Bgingle value ofw,, the linewidth of thev =0 level has been
varying o, the two levels can be tuned and detuned fromshown as a function of, with the (0,1) GS channel both
each other a number of times. included in and left out of the calculation. It is seen that the

When Pg cannot be characterized by a single peak buklaborate structure against vanishes in the absence of the
instead has two different peaks, they are seen to be on eithabove channel because ttigl) ES continuum becomes flat
side of the peak oPy, and both well detuned from it. In in the absence of embedding levels.
such cases only the sum of the area under the two peaks In the study of single frequency ATD of Hi and other
gives unity. This behavior characterizes the regionwgf small molecules, it has been shown how the laser dressed
between the two branches of the curve for peaksPgf adiabatic potential curves provide a framework within which
againstw, in Fig. 7. This region is also characterized by the various features of the excitation and dissociation process
deep minima of the transition rate fragm=0. At these values can be qualitatively understo$@,8,23. These adiabatic po-
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FIG. 7. The position in energy of the peaks Bf and P¢. The upper horizontal line gives the peak positionsPgffor both w,
=10021 and 10 024 cnt. The solid and dashed curved lines denote the positions in energy of the pegk$onfw, =10 021 and 10 024
cm™?, respectively.

tential curves are obtained from the diagonalization of theies (as shown for high intensity ATD calculations where no
total Hamiltonian for fixed nuclei, i.eH%+ V5, in Eq. (3).  intermediate resonance can be presgit7]) but at our
These adiabatic curves show a number of avoided crossinggesent level of intensities of below threshold frequency la-
at the degeneracies of the diabatic potential curiies,  sers, these crossings, corresponding to direct nonresonant
field+molecule energies for different channels as functiondiigh order multiphoton transitions, will not be very effective.
of internuclear separatigrin case there is an effective cou- It may be assumed that they will not drastically affect the
pling between these diabatic channels. The adiabatic eigeverall pattern of variation of the characteristic resonance
functions are themselves coupled by nonadibatic interactiohne shapes. Thus, for an easy understanding of the basic
arising from the kinetic energy operator for internuclear mo-phenomenon of variation of resonant dissociation line shapes
tion. These interactions may cause transitions between thésing two frequencies, it is probably adequate to confine our-
eigenstates on different adiabatic potentials. selves to a small number of channels in the expansion of the
In our case, due to the interaction of the molecule withCC wave function.
two different laser frequencies, the adiabatic potential curves
have a much more complicated shape than in the single- (gp124
frequency case. In Fig.(8 we have plotted the diabatic
curves for three photon number channels each for the GS anc  o.c010
ES levels. The horizontal line indicates the energy ofithe
=0 level in the(0,0) channel. Figure @) shows some of the
(simplified) adiabatic potential curves for the same combina-
tion of frequencies. Two other channels, apart from the six
shown in Fig. 9a), have been included in the basis set during
the diagonalization. These channels may cause additiona
avoided crossings in the adiabatic potential curves at larger ¢ ggo2 we—
values ofR, the internuclear separation, due to higher order ]
interactions. In general, such avoided crossings do not play a8 o.0000 — et y
significant role in determining the total linewidth and discus- 19500 20000 2°5°fcm.1) 21000 21500
sion may proceed on the basis of the adiabatic potential "
curves depicted here. Inclusion of channels with an even F|G. 8. Seven-channel and eight-channel dissociative linewidths
larger number of photons absorbed would cause a number of the initial v=0 level in two-frequency fields compared far,
higher order avoided crossings near the equilibrium region=10024 cm®. The resonance structures against vanish when
These crossings may influence the dynamics at high intensihe closed0,1) GS channel is left out.
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larger internuclear separations due to the presence of addi-
tional channels. They cause some further mixing of the di-
abatic states but do not affect the total linewidth at the
present intensities.

By our choice of the frequency; the energy of they
=6 level in the diabatid1,0) potential happen to fall near
the first avoided crossing with the E$,1) state. From Fig.
9(b) it is evident that the radiative interactions are much
more strongly felt by they=6 level in the(1,0) channel
o, = 10027 o' compared to the =0 level in the(0,0) channel, though it
== 20320 om still remains reasonable to characterize the corresponding
— — . . . eigenstate in the adiabatic channel as ike6 level in the
! 2 3 4 5 6 ? 8 GS (1,0 channel. This is so because over most of the region
of internuclear separatioR where the unperturbed wave
function has an appreciable magnitude, the relevant adiabatic
channel predominantly retains its G§0) character(99.4%
atR=4.0 a.u.). The mixing of the diabatic channels in the
adiabatic potential, mainly between G§,0 and ES(1,1),
leads to a shift of about 60—80 cthbetween the vibrational
eigenstate in the corresponding adiabatic potential and the
unperturbed) =6 level in GS(1,0), depending on the value
of w,.

. Thus, energies of vibrational eigenstates in the adiabatic
. potential which corresponds to tli&,0) diabatic channel po-
tential near equilibriunfwhich, for brevity, we henceforth

denote as thé1,0) adiabatic potentidldepends sensitively
-45000 T T - - uponw,. This fact is apparent also from the figure. At large
(b) z I:(a,u.) ¢ 8 internuclear separation the same adiabatic potential has
dominant GS0,1) character and hence a shallow outer well
FIG. 9. (a) Some of the diabatic potential curves for the systemcaused by the single-photon avoided crossing near 5 a.u. The
HD™" and the frequencies indicated. The diabatic photon numbeshape and depth of this well depend upen. The wave
indices are indicatedb) Some of the relevant adiabatic potential fynctions in the two regions can be proper|y matched On|y
energy curves for the frequencies indicated and intensity ofgr energies which are different for different values «f.
10'*W/cn?” for each field. The indices indicated for each curve is Thys the eigenenergies in this adiabatic potential also depend
that of the diabatic potential with which it coincides near the mini- upon w.
mum. When this eigenenergy closely matches the energy of the
v =0 level in the adiabatic channel marké0) [and which
Near the minima of the potential curves, the mixing of theindeed can be identified with the diabat®,0) channel po-
different photon number channels due to radiative interactential for our purposgthis v=0 level becomes more un-
tions is very small and the adiabatic curves in this regiorstable. The two eigenfunctions in the two adiabatic channels
have overwhelminglymore than 99.9%the photon number can now become significantly coupled through nonadiabatic
channel character indicated on FigbP In other words, the interactions, so that the initial state in tf@0) channel can
adiabatic curves coincide with the diabatic ones near th@cquire somé1,0) character and dissociation is facilitated.
minimum. Since the wave function of the initial=0 level As w, is increased, starting from such a resonant situa-
has an appreciable magnitude only in this region of internution, the barrier height of th¢1,0) adiabatic potential de-
clear separatioR, the effect of mixing caused by the radia- creases, while the minimum of the shallow potential well on
tive interactions on the initial wave function is small and thethe right-hand side becomes more negative and its
shift negligible. The energy of the shiftag=0 level has asymptotic value changegneglecting the higher order
been indicated by the horizontal line in the figure. Thus, inavoided crossingsFor a small increase im,, a downward
the absence of bound levels in other closed channels thghift of the eigenenergy occurs while it still retains its
dissociative decay rate would be extremely small. =6 character. The two adiabatic eigenenergies get detuned
However, the GS1,0 potential curve has a strong one- and the initial level cannot effectively mix with levels of the
photon interaction with the E$1,1) curve near the initial (1,00 channel. Hence the dissociation linewidth decreases.
energy. As a consequence, the adiabatic curve wit{d@®  For larger changes ob, the projection of the diabatio
character near the minimum at 2.0 a.u. becomes dominantly 6, GS (1,0) channel wave function shows two peaks in
the ES(1,1 curve beyond about 4 a.u., and again, at largeenergy on either side of the peak Bf,, showing that the
internuclear separations, the avoided crossing due to the ra=6 character is shared by two neighboring eigenfunctions
diative interaction with thes; photon causes this adiabatic in the adiabatic channel. At some value®f we get a deep
curve to have a predominantly G®,1) character at large minimum in the dissociation linewidth. If we continue to
separations. We neglect the higher order avoided crossings atodify the adiabatic potential by changing,, the reso-
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nance is restored with an eigenfunction which has a differengffective states expansion, perturbative treatment of a part of
structure in the outer well. the Hamiltonian, and rotating wave approximations. It can
As w; is increased the resonance occurs for lower valueslso take into account all possibilities of above-threshold ab-
of w,. For smaller values ab, the energy of the =0 level  sorption and stimulated emission between continuum levels.
remains well below the threshold of the relevant adiabaticSuch processes may become significant at sufficiently high
potential which has a higher barrier. Thus the inner wellintensities.
wave function is less sensitive ta,, and if the resonance is At the intensities we have used, we have demonstrated the
destroyed by changing; (in steps of 3 cmtin our casg a  possibility of gaining control over an intermediate resonance
relatively large change ab, is required to restore it. This is in a particular diabatic photon absorption channel by the use
clearly seen also from Fig. 7. However, @s increases fur- of a second field of a different frequency. This field can be
ther, the resonance region approaches the asymptotic energged to tune the intermediate resonances with the initial
of the adiabatic potential and the adiabatic eigenenergies bésvel. Such tuning is possible only because of the presence of
come densely spaced. The low barrier of the adiabatic poterbound levels that can be reached by the absorption of the
tial allows tunneling. Consequently, the sensitivity of thesecond frequency photon. At higher intensities the higher
adiabatic eigenfunction in the inner well ig, increases and order avoided crossings in the adiabatic potentials due to
change ofw; can be compensated and the resonance restorgaultiphoton absorptions and emissidas opposed to single
by much smaller changes af,. However, this decrease in photon crossings in the present caseay be expected to
barrier height and the close spacing of the levels now makéffect the dynamics. Also, two or more diabatic levels may
the resonance more diffused. In other words, though the dig2ecome involved in an intermediate resonance and such in-
sociation linewidth from thev=0 level shows resonance Vvolvement may have important and interesting effect on their
peaks at certain values of the frequeney, the resonances characteristic, changing the dissociation widths, and branch-
lose theirv =6, GS(0,1) character to some extent. ing ratios in very interesting fashions.
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