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Role of high-lying electronic states on the angular distribution of photofragments
in multiphoton dissociation of D,* by intense laser fields
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We have theoretically investigated the role of high lying electronic stapes,2and Jdoy on multiphoton
dissociation of Q" from initial vibrational-rotational levels;=4,5 andJ;=0,1 by linearly polarized light
with wavelength 400 nm and intensity>x3L0™ W/cn?. We have found that for initial leveb; =4 and J;
=1, a considerable number of photofragments is ejected perpendicular to the polarization direction of the laser
field. It is shown that the perpendicular dissociation is due to(tie$ four-photon absorption of the ground
1soy state to the 8oy state through the intermediate five-photon coupling of the land 27, states at
intense laser field with high frequency. Our computed value of the emissiori 6bis in the perpendicular
direction to that in the parallel direction of the laser polarization reasonably agrees with the recent experimental
result of Chin and co-workers at the same laser paramgféngs. Rev. A62, 042708(2000].
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[. INTRODUCTION From previous experiments on molecules with intense pi-
cosecond laser pulses at 532 hip2,6], it was well known
For the last decade, experimenfdl,2] and theoretical that linearly polarized fields can result in spatial alignment of
[3-5] investigations of the multiphoton dissociation of the the internuclear axis along the polarization direction. For
simplest diatomic molecules, A, D,”, and HD", have long pulses(with time duration of a few picosecondsuch
provided us with a lot of insight about the behavior of mol- an alignment is dynamic and results from the realignment of
ecules in intense laser fields. In particular, the study of anthe molecule along the field direction by the superposition of
gular distribution of dissociation fragments has posed manyield-free molecular rotational states through repeated ab-
interesting questions about the intense field dynamics oforption and stimulated emission of photons. For a suffi-
molecules. The framework of the theoretical explanation inciently long pulse, the molecule can be, very generally,
volved only the two lowest electronic states in the multipho-shown to be in pendular statgg], which are states executing
ton dissociation process. Until very recently, the experimenangular oscillations about the polarization direction. The sig-
tal data over the available range of intensities anchature of such pendular states was also obtained experimen-
frequencies tended to confirm the theoretical picture. tally [6]. For very short pulses, however, the molecular rota-
The experimental work started about a decade ago Witjona| states may not be thoroughly mixed and the
the observation of photofragments resulting from dissociagjssociation dynamics would more closely reflect the effects
tion of H,” molecules by intense linearly polarized laser ¢ geometric alignment.
fields of wavelength 532 nm by Bugksbaum anf CO-WOrkers |t js interesting that, because of its ease of production, the
[1]. The intensities used werexgL0" and 1x 10 chmz_- 532 nm laser light was generally used in these experiments.
They found that the H ions were emitted in a narrow dis- also, in the case of hydrogenic molecule, quite low vibra-
tribution along the laser field polarization direction. The dis-tjgnal levels were excited and they were not properly re-
sociation involved in the experiment certainly occurred fromgglyed, and the initial rotational level could not be ascer-
an unknown mixture of vibrational-rotational states of H  tained. The angular distribution obtained in the experiments
Recently, Chandler and co-work€| performed novel ex- [1,2] did indeed confirm the theoretical expectations accord-
perimental investigations on the angular distribution of frag-ing to the conventional two-electronic-state approach_ De-
ments produced from dissociation of, Dby absorption of tajled guantal calculation was made by Atabek and co-
one, two, or three photons of wavelength 532 nm for peakvorkers [4] on energy-resolved angular distribution of
intensities 1.5 10" and 5x 10'* W/cn?. The branching ra-  photofragments of I" from initial vibrational levelsv;
tios for different photon absorptions obtained by them con-=2 4,5 and rotational level,=1, with linearly polarized
firmed the pattern previously predicted on theoretical considpyises of wavelength 532 nm and peak intensities10
erations[3]. Mainly low initial vibrational levelsv;<3 of  and 5x 10" W/cn?. With their two-electronic-state expan-
D," were expected to be present in their experiment. Theyjon, again H fragments aligned with the laser polarization
observed that for linearly polarized light, the"Dons result-  axis were obtained. This kind of alignment was due to the
ing from dissociation of D" were ejected in a narrow cone superposition of rotational states prior to dissociation. Very
about the polarization axis of the laser field. recently, we have studied the angular distribution of photo-
fragments in multiphoton above threshold dissociation of
HD™ from the initial levelsv;=0-2 andJ;=0 by linearly
*Electronic address: msscs@mahendra.iacs.res.in and circularly polarized laser fields of a shorter wavelength
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of 329.7 nm and for intensities X10*2, 5x 102 and 1 rotational-vibrational states and look for the stationary solu-
X 10% W/cn? [5]. Again, in two-electronic-state expansion, tions with appropriate boun.dary conditipns. This implies that
in case of linear polarization, the emission of photofragment he SOIU“.OnS would be partlcu_larly applicable for long pulses
was found to be confined to a narrow cone about the fiel in the picosecond regimeacting upon state selected mol-

o - - cules.
polarization direction when sufficiently large number of ro-
tational states was included in the expansion. Correspond- II. CALCULATIONS
ingly, in the case of circular polarization, the photofragments L
were preferably emitted in a plane perpendicular to theme\:}l]%(;][%\]’e%zegéh?egmﬁ"gg%%esnggg:] igie;gguﬁiﬁ)r ear-
propagation direction. lor works [3.5], where the theory and justification of thi
Intense field dissociation process is interpreted in terms ofcr WOrKS L2,9], where the theory and justiication of this

the motion of the nuclei on the field, dressed adiabatic Surgpprqach have been_dlscussed n detail. We have considered,
this work, four (five) electronic states of J to be

faces and the nonadiabatic transitions in the region of th led by the radiation fieltbf \ — h
avoided crossingk3]. The positions of the avoided crossings coupled by the radiation 1€ b )‘_.400 nm). The states are
the ground 304 and the first excited @o, as well as the

depend on the frequency of the laser field, and the probabil= : g - .
ity of following the adiabatic path will depend on the inten- Nigh lying 2pr, (2pm,) and 3oy . Molecular rotation has
sity. The dynamics, and hence the branching ratios and arlp_een taken into account by including 96 channels with rota-
gular distributions are expected to be sensitive to the initiafional guantum numbej=0-7 and absorbed photon num-
wave function. Experimental determination of the initial P&r N=0~7 in our basis set for linearly polarized light
state resolved angular distribution as a function of frequencyWhich obeys the selection ruldM=0). The initial
should ideally resolve these issues, but no such detailed e¥ibrational-rotational levels considered here are 4,5 and
perimental work exists. However, in a recent breakthroughyi=0.1. It may be noted here that because of ¥h#l se-
Chin and CO'WOkafE?] have performed experimenta| inves- lection rule and the use of ”nearly pOlariZEd ||ght, for initial
tigations on dissociative ionization of ,Dmolecules using M;=0, transition to the P, state is forbidden. In this
linearly polarized intense laser pulses of wavelengths 40@ase, the total number of coupled channels considered re-
nm and 800 nm with peak intensities<a0'®* W/cn? and  duced to 72 using the same angular momentum and photon
2x 10" W/cn?, respectively. They measured the time-of- N'umber states mentioned above. The radiative couplings be-
flight spectra of the ions and showed that during the dissotween all states have been considered in a truncated length
ciation of D, by the laser with the shorter wavelength of 9auge form of the interaction, as in earlier wofls5,9).
400 nm, a significant number of'Dions was ejected perpen-  In the present case, the distribution of photofragments for
dicular to the direction of polarization of the laser field. But @n initial rovibrational levelv;, J; is given by, following
for the dissociation of the 3 molecular ions by the longer Balint-Kurti and Shapird10],
wavelength of 800 nm, the number of Dons in the perpen-
dicular direction to the field polarization was insignificant, as Pi(6,Eq,A,n)=
obtained by experimentalisf4,2] earlier for H,*, D,* (no-
tably at 532 nm and predicted by theoretical three-
dimensional(3D) calculations[4,5] for H,”, HD* on the X DRir(€,6,0)Tyma(Eo.nli)
basis of radiative coupling between the two lowest electronic
states. In fact, the adiabatic passage through the one-photerhere T, (Eq,nli) is the bound-free transition amplitude
crossing of the two lowest potential energy curves will be[5] for n-photon absorption evaluated at the eneEgyfor
forbidden for perpendicular alignment to the laser field. Thewhich the highest peak of the overlap between the initial
fact that photofragments were observed in a direction perhound wave function and the free-state scattering wave func-
pendicular to the laser polarization was interpreted in termsion occurs. This corresponds to the dominant laser induced
of the multiphoton radiative coupling of the grounddy,  resonant state corresponding to the initial vibrational level in
state with the high lying @, and 3o electronic states of  the 1so, potential. Due to the mixing of the rotational levels,
D, [7]. The authors concluded that these highly excitedthere may be multiple peaks at various total energgis
electronic states play an essential role in multiphoton dissosignifying the mixed character of the laser induced reso-
ciation process from excited vibrational levels of Dat high  nances in the do, state. Thus, we have generally calculated
frequencies and high intensities. the distribution at the most prominent resonangeis the

In the present work, we have theoretically investigated inangle between the momentum of the dissociated fragments
detail the role of high lying electronic statep®, and 3lo;  and the space fixed axis, i.e., the light polarization direc-
on the multiphoton dissociation of . We have paid par- tion. Dy, is the Wigner matrix elemerjtl1] andk is some
ticular attention to the modification of the angular distribu- specific constant. It may be noted tHtis independent of
tion that such states may cause for photofragments with difthe azimuthal angle for axially symmetric molecules.
ferent kinetic energies for different initially excited  The Born-OppenheimeBO) potentials for the %o, and
vibrational-rotational levels. The theoretical calculations2po, states are obtained from Carrington and Kenndd,
have been made in the context of the experiment discusseshile those for the pm, and Jo, states are taken from
above, and for the 400 nm wavelength and B W/cn? Murai and Takuts{13]. The 1so4— 2pao, transition dipole
intensity as in the experimefi7]. We start from particular moments are given by Bat¢4], while the Isoy—2p,,
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FIG. 1. Diabatic potential energy curves for four electronic  F|G. 2. Adiabatic potential energy curves for four electronic
states of Q" with a number of 400 nm photon absorption. The states of D" at laser wavelength 400 nm and intensity 3
unperturbed eigenenergies of the initial vibrational levgls4 and % 10'3 W/cn?. The dressed energies corresponding to the initial
5 with J;=0 are also indicated. field-free vibrational levels;=4 and 5 withJ;=0 are also shown.

2po,—3doy, and 7, —3doy transition dipole moments  in causing miltiphoton transitions between them. In Fig. 1,
are obtained from the extensive work of Ramekar and Peekigenenergies of the unperturbeg=4 and 5 levels foiJ,
[15]. =0 have also been indicated. We note that the region, in
which the wave functions of these initial vibrational levels
are appreciable, coincides with the region of the crossing of
the ground |1so,,0) state with the |2pm,,—5) and
Some of the field plus molecule diabatic energy curveg2po,,—1) states. The 4o4-2po, coupling will cause
(i.e., the energy of the noninteracting field plus moleculebond softening and tunneling dissociation of the molecule by
system have been plotted as functions of the internuclearsingle-photon absorption as usual. However, at the intensities
distanceR in Fig. 1 for the four relevant electronic states andwhere five-photon coupling is effective, the molecules in the
a number of photon absorption of wavelength 400 nm. Tcexcited vibrational levels may directly absorb five photons to
keep the discussion simple, only the energy curves for anake transition to the @, state. This direct five-photon
single rotational quantum number have been shffenev-  transition to the P, state was also suggest€d| as the
ery field plus molecule state consideredctually, the en- reason of finding photofragments in a direction perpendicular
ergy curves for each field plus electronic state should form &o the laser polarization. Indeed, the perpendicular transition
band with states of different values, lying close together, moment effective for ther-7 five-photon coupling neaR
one curve for each value df the rotational quantum number =1.8 A may cause interaction with photons even when the
used. The diabatic curves cross at different internuclear disnolecular axis is perpendicular to the polarization direction
tances, and at the crossing points the multiphoton couplingsf light.
between different field plus electronic states will be effective  Figure 2 shows a very simplified version of the adiabatic

IIl. RESULTS AND DISCUSSION

TABLE I. The ratios?R of the D" ions ejected in the perpendicular directiof={90°) of the laser polarization to the total"Dons
emitted along the laser polarization directiof=0°) are shown for initial levels;=4,5 andJ;=0,1 of D,* at laser wavelength 400 nm
and intensity 3 10" W/cn?. Also, the contributions to the angular distributior2 Y at §=0° and 90° from relevant final channels are
given. The unperturbed eigenenergié@igi) and the ac Stark shiftsA(EUi,Ji) of the initial levels as well as the photofragment recoil energy
E, corresponding to the peak enerBy [Eqg. (1)] are also shown.

Uil‘]i Evi"]i AEUi"]i E(’) Pi(e,Eo,A,n) ER
(eV) (eV) (eV) For relevant final channels\(n) at #=0° and §=90°

Pi(el EO 1A|n)90

|2poy,—1)o  [3dog,—4)o  |2poy,—1)go [3dog,—4)go An
Pi(6,Eq,An)o
A,n
4,0 —1.9566 —0.0397 0.20 2.44 2.16 0.21 0.046
41 —1.9535 —0.0500 0.19 1.05 6.20 0.008 0.61 0.085
5,0 —-1.7921 —0.0337 0.37 0.062 4.00 0.046 0.011
51 —1.7891 —0.0337 0.37 1.63 8.98 0.028 0.12 0.014
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FIG. 3. Angular distributions, in both linear and polar plots, FIG. 4. Same as Fig. 3, but foF=5.

of the photofragments of J at laser wavelength 400 nm and
intensity 3x 10" W/cn? for initial levels v;=4 and (a) J;=0,

|1s0,0) state to the2pm,,—5) state is not effective for
the v;=5 level. We also note that the branching ratios to
different photon channels and the ratisof dissociation in
potential energy curves followed by the system. These curvethe perpendicular direction to that in the parallel direction
have been obtained by diagonalizing the Hamiltonian withdepend strongly on the initial vibrational-rotational levels of
the basis set containing all the possible rotational quanturthe molecule. Since the rotational levels and their couplings
numbers for each electronic state. However, only the statesannot be clarified on our simplified diagraffig. 2), the
correlating taJ=0 (for g stateg andJ=1 (for u state3 have  physical cause behind this variation cannot be explained with
been drawn. In a more realistic representation, each of theeference to this diagram.
curves should be replaced by a band of curves, which would The ratiosR between the D ions ejected in directions
avoid the crossings in much more involved ways. Howeverperpendicular and parallel to the laser polarization have also
what is important in the present context is that each of thesbeen shown in Table | for the four initial vibrational-
curves will have mixed angular momentum character. rotational levels ¢;,J;). This ratio is about 4.6% fov;
Once a perpendicular transition occurs to therg state, =4,J;=0, while forv;=4J;=1 it is about 8.5%. However,
the nonadiabatic paths through the avoided crossings will btor v;=5 with J;=0 and 1, the ratios are about 1.1% and
preferred because further couplings of the field with the mol-1.4%, respectively. In their experiment, Chin and co-workers
ecule in a near perpendicular direction would be either ex{7] have obtained a value of about 11% for this ratio. This
tremely weak or nonexistent. Thus, in this case, the moleculgalue is in a reasonable agreement with our resulg aff we
will have the maximum probability of ending up in the state take v;=4,J;=1. For this level, the total kinetic energy
3do gy with an energy corresponding to the absorptiotna)  would be about 0.19 eVfor net four-photon absorption
four photons. From the Table I, we find that dissociation It should be worth mentioning here that we have consid-
parallel to the laser polarization from=4, J;=1 anduv; ered the only two high lying electronic statep2, and
=5, J;=0, 1 occurs predominantly in tHédag,—4> state  3doy as suggested by Chin and co-workgrs to interpret
and to a lesser extent in th@po,,—1) state. We also see their experimental results. The consideration of the above
that the five-photon perpendicular transition from thetwo states made our computations feasible and at the same
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time made our understanding and interpretation of the dytionally observed by excluding thep2r, state from our basis
namics of perpendicular transition through our computed reset. In this case, there is no fragmentation in the perpendicu-
sults very transparent. However, the oscillator strength frontar direction of the laser field. Thus, the perpendicular com-
the ground %o, state would certainly be distributed over ponent16] of the transition dipole moment behaving as&in
other higherS, andIl states, also. For a more accurate pic-(Where @ is the dissociation angle with respect to the space
ture of the dynamics, other higher states should be includetixed Z axis) is responsible for perpendicular ejection of the
in the basis set. However, our computation does show corions fragmentso states only give rise to the parallel transi-
vincingly that the main experimental feature obtained is in-tions[16] with moments behaving as césand give rise to
deed due to the presence of high lying electronic states. parallel emission only.

For five-photon direct absorption from;=5 (J;=0) The angular distribution®; of the photofragments of the
level, the released total kinetic energy will be about 3.2 eV ad, " for the two initial vibrational levels;=4 and 5 with
predicted by Chin and co-workef§]. However, we have J;=0,1 are presented, in both linear and polar plots, in Figs.
found that(nep five-photon transition does not contribute to 3 and 4, respectively. Far;=4,J;=1, a considerable num-
the dissociation in the perpendicular direction. Though theber of D' ions are ejected perpendicular to the laser field
five-photon coupling of the groundsir, state with the high  [Fig. 3(b)]. Forv;=4,J;=0 [Fig. 3@], the number of ions
lying 2p, state plays a key role, subsequent nonadiabatiemitted in the perpendicular direction is nearly half of that
transitions would force most of the perpendicularly dissoci-for v;=4,J;=1. Forv;=5,J;=0 and 1(Fig. 4), this number
ating molecules to th¢3doy,—4) state(Fig. 2). This is is negligible. A number of large “scattering ringg17] at

represented as different intermediate angles are also observed. The multi-
photon dissociation by a laser field in the presence of cou-
|1s04,0)—|2pmy,—5)—|3doy, —4). pling to excitedl and3, states does give rise to rings in the

angular distribution of the fragments. These structures are
sensitive to the initial vibrational-rotational wave function
and dynamical features of the process.

From the initialv;=4,J;=0,1 levels, the total kinetic energy
release(for net four-photon absorptiorwill be about 0.20
eV, and fromw;=5,J;=0,1 it will be about 0.37 e\(Table |).

We could not find any appreciable perpendicular dissocia- IV. CONCLUSIONS
tion from thev;=10 (J;=0) level as suggested by the au- _
thors[7]. The energy release due torset four-photon dis- We have theoretically made an attempt to properly ex-

sociation from the level would be, according to the authorglore the recent experimental findings of Chin and co-
[7], about 1.2 eV. However, as is evident from our diagramgvorkers[7] by considering high lying electronic statep2,
(Figs. 1 and 2, thev;=10 (J;=0) level would not be influ- and 3oy, and high vibrational levels in multiphoton disso-
enced by the crossing between thBo'g,O> and [2pm,, ciation of D," by intense high frequency laser fields. We
—5) states. We also did not find anjtsoy,0)—|2pm, have shown that the perpendicular dissociation of B due
—3)—|3doy,—4) transition via three-photon radiative cou- to the (net four-photon excitation of the groundsi, state
pling of the Isoy and 2o, states, as suggested by the au-to the Jo, state through the intermediate five-photon cou-
thors[7]. This is mainly because the channel is closed at aling of the 1soy and the D, states. Our computed value
wavelength of 400 nm or 25000 ¢rh (Figs. 1 and 2 of the emission of D ions in the perpendicular direction to

The fact, that the g, state is responsible for dissocia- that in the parallel direction of the laser field reasonably
tion in the perpendicular directiofthough the photofrag- agrees with the experimental results of Chin and co-workers
ments mainly end up in theddr, state, has been computa- [7] at the same laser parameters.
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