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Molecular pendular states in intense laser fields
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Direct experimental evidence is presented for the formation of aligned states of the linear triatomic mol-
ecules CQ and CS; manifestation of pendular motion is obtained in high-resolution measurements of the
angular distributions of fragments produced by an intense laser-field—molecule interaction. Classical calcula-
tions of the dissociation dynamics on an excited-state potential-energy surface yield results that qualitatively
reproduce our experimental observations.

PACS numbgs): 33.20-t, 33.15—-e, 33.55-b, 33.80-b

I. INTRODUCTION those in “Coulomb explosion” studies of multiply charged
molecules.
The interaction of a molecule with the electric-field vector
of intense, polarized, laser radiation can induce a dipole mo- Il. EXPERIMENTAL METHOD

ment that is sufficient to result in the creation of aligned, o _
inertially trapped molecules. Picosecond and subpicosecond The angular distributions were measured using a crossed-

laser pulses producing field strengths of the order ot*10 Peam apparatus that has been described in recent reports on
W cm~2 have been utilized to study dissociative multiple the competition between field-induced molecular dissocia-

ionization of diatomic molecules aligned in such mannertion and ionizatior{6] and only the salient features are de-

; it ; ibed here. Focused, linearly polarized, 35-ps, 532-nm
[1,2]. Recent calculation$3] have indicated that aligned SC¢" US _
pendular states that arise out of laser-field-induced dipol ulses(10-Hz repetition ratefrom an Nd:YAG lase(where

moments are directional superpositions of field-free molecu- d-YAG denotes neodymium-doped yttrium aluminium gar-

. . - neb interact with an effusive molecular beam in a field-free
lar states, corresponding to oblate spheroidal wave functions, . L
egion and the resulting ions are mass analyzed by a quad-

whose eigenenergies are inversely proportional to fiel !
. i upole filter.

strength. The prospect of trap_pmg_ moIeCL.l]@sl], aligning lon angular distributions were measured by rotating the
them, and subjecting them to inertial confinemgg,5 by |55er polarization vector with respect to the quadrupole fil-
means of a polarization interaction with an intense lasefgprs axis; the final polarization state was selected using a
beam opens horizons for a class of ultrahigh-resolution anfnear polarizer, which was rotated in steps of 2°—4°. The
high-precision spectrometric and collisional experiments Ofinearly polarized laser radiation was passed through a half-
the type hitherto applicable only thargedatoms and mol-  wave plate to rotate the polarization vector and to ensure that
ecules in electromagnetic traps. the final energy of the laser pulse was kept constant. The

We report here the results of high-resolution measureshot-to-shot reproducibility of the laser was5%.
ments of the angular distributions of singly charged frag- The unique feature of the present experiment isciia-
ments arising from the interaction of linear triatomic mol- plete absencef an electrostatic field to extract the ions into
ecules CQ and CS, with 30-ps pulses of 532-nm radiation the mass filter; almost all earlier measurements have all uti-
at intensities of 18°-10 Wcm~2% a considerable en- lized time-of-flight ion analysis techniques in which large
hancement of angular resolution accompanied by measurextraction fields(of the order of 600 V cm*) are manda-
ment of the pristine angular distributions has facilitated thetory. Such fields result in distortions of the measured angular
direct observation of intense-field-induced aligned states offistribution functions, particularly those pertaining to multi-
thermal-energynolecules. These states exhibit pendular moply charged iong5]. In our case, only those singly charged
tion that manifests itself astructurein the strongly aniso- ions whose initial velocity vector lies within the acceptance
tropic angular distributions of dissociation products; suchangle set by the entrance aperture of the mass filter are de-
distributions are qualitatively reproduced in a classical modetected; the best angular resolution achieved wds8°. Ad-
of the dissociation dynamics on an excited molecularequate precautions are taken to avoid saturation effects by
potential-energy surface. keeping molecular beam densities low and restricting laser

The alignment of CQ and CS, molecules has been stud- beam energies to values that avoid saturation of the detector.
ied by measuring the angular distributions of fragment ions
that arise_ out of the interactio_n of these linear triatomic mol- IIl. RESULTS AND DISCUSSION
ecules with an intense laser field. Our recent stubésave
shown that the fragmentation dynamics of these molecules, Our experimental results are shown in Figs. 1 and 2 as
at 532 nm and at the intensity levels used in the preserpolar plots depicting the number of peripheral fragment ions
experiment, is marked by a preference for dissociation of thas a function of the angle between mass filter’'s axis and the
neutral parent molecule followed by ionization of fragments.light polarization vector. The angular distributions are mark-
The ion kinetic energies expected here are much lower thaadly anisotropic, with the minimum ion intensity obtained
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Angular distribution of O" from CO, Angular distribution of S* from CS,
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FIG. 1. Angular distribution of O fragment ions arising from FIG. 2. Angular distribution of $ fragment ions arising from

dissociation of CQ by a laser field at 532 nm, 1®W cm~2. The  gissociation of C$ by a laser field at 532 nm, W cm~2. The
polarization axis of the incident radiation is horizontaf). The  polarization axis of the incident radiation is horizont@P). The

spot sizes are a measure of the radial uncertainty. The radial extegpot sizes are a measure of the radial uncertainty. The radial extent
is from 0 to 300. is from O to 200.

when the light polarization vector is orthogonal to the obser-‘trapped” in pendular states aligned about the field polar-
vation direction. The dynamic range of the signal in thesazation axis, resulting in the anisotropic angular distribution.
experiments usually covered two orders of magnitude. For Consider the dynamics under two extreme cases depicted
instance, typical counts for Sions from CS, were of the schematically in Fig. 4: the molecule disintegrates when per-
order of 1000 at 0° and of the order of 30 at 90°, for count-fectly aligned with the polarization axi@ninimum torque,
ing times of 100 1000 laser shojsAlthough the count rate  maximum angular momentuynand when at the extreme of
at 90° was small, typical signal-to-noise ratios were alwaysts pendular oscillationémaximum torque, zero angular mo-
in excess of 20. mentum). In the former case the dissociation products will
For both fragment ions, there are indications of lobelikehave a large component of velocity perpendicular to the mo-
structure in the region of 10°—15°. We have also carried outecular axis and hence there will be no fragments along the
angular distribution measurements using different values oflirection of the polarization axis. In the latter case, the mol-
extraction field; it is found that even the smallest such fieldecule, having come to the extreme of its pendular motion,
(=10 Vcm™ 1) results in serious distortions of the angular will have no velocity component perpendicular to the mo-
distributions, smearing any structural information. Figure 3lecular axis and any fragments formed at this stage will be
shows a typical angular distribution for*Sions from CS,  observed at the anglé,... Taken in conjunction with the
measured with an extraction field of 8 V ¢t the marked fact that the molecule spends more time arowne: 6.4
anisotropy observed in the field-free case is almost totallthan aroundd=0, we expect the fragment angular distribu-
destroyed. tion to be strongly anisotropic, with a tendency to peak at
Before considering these results in the light of model cal-6,,,c. The sharpness of the distribution is an indication not
culations that we have carried out, a qualitative overview ofonly of the polarizability of the molecule, its mass, and the
the dynamics of the molecule—intense-field interaction maystrength of the light field, but also of the initial kinetic en-
be summarized as follows. In the course of the laserergy of the fragments. In this context it is of interest to note
molecule interaction, CQand CS,, both of which are eas- the significant differences between the £@ata and the
ily polarizable molecules, experience a significant torqueangular distributions from the more polarizable LC&ol-
even in the low-intensity, rising edge of the laser pulse. Noecule(Figs. 1 and 2
matter what the initial orientation of the molecule, the in-  Our calculations assume a Franck-Condon transition be-
duced dipole moment tends to rotate the molecular axis totween the molecular ground state and an exciidsocia-
wards the polarization axis of the laser beam, and as thive) potential-energy surfacPES and model the subse-
input field continues to increase, the)XC{X=0,9 bond quent dynamics classically. We also utilize the results of our
lengths increase until an instant is reached at which dissociaarlier experiments, which indicate that at 532 nm, for both
tion takes place. The most significant implication of theCO, and CS,, dissociation preceeds ionizatip@]. The os-
field-induced dipole moment is that the molecules arecillations of our laser field are neglected since the inverse of
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S* angular distribution with 8 V/cm extraction field Vi
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FIG. 4. Schematic representation of the dissociation dynamics
of pendular states. Two cases are depicted: a molecule perfectly
aligned with the laser polarization vectBr(left) and at the extreme
(6may Of its pendular motior(right). v4 is the velocity component
arising from the kinetic energy released upon dissociatipiis the
rotational velocity of pendular motion, ang is the resultantov,
has a maximum value when the molecular axis is parallé tnd
is zero at the extreme position.

27¢0°

coupled to the field through the molecular polarizability. For

FIG. 3. Angular distribution of $ fragment ions arising from this the field-molecule interaction potentisly(6) is given
dissociation of C$ by a laser field at 532 nm, #Wcem™2. An  p

extraction field # 8 V cm~! was applied in the course of these
measurements. The polarization axis of the incident radiation is 1
horizontal (0°). Vy(0)=— > ez(ancoszm— @, Sirtd), (2)

the field frequency is much greater than length of the pulsevhere ¢y and «, are the parallel the polarizability compo-
[3] and “time-averaged” polarizabilities are assumed, whichnents parallel to and perpendicular to the molecular axis and
give rise to angular distributions that mimic the experimentale is the average field strength. For linear triatomics such as
data. The term “time-averaged” is used here because thg;QZ, a>a, . Here the average field strengtissuming a
polarizability changes with molecular bond length. However,peak field intensity of 18 W cm~2) is taken as 8.% 107
since the functional dependence of the polarizability on bond; ¢m 1.

length remains unknown, we take a time-averaged value that \ye integrate Hamilton’s equations for the three coordi-

is adjusted to mimic experimental data. nates and their conjugate momenta, requiring initial condi-
The Hamiltonian for the system is written as tions ofry,r,,6,p1,P2,Ppy. Forry andr, we take a distri-
bution of bond lengths for the initial conditions at time
5 t=0,r,(0) andr,(0) [10]. To find these, our classical treat-

P1P2
mC

ment demands that a radiative transition takes place only
when there is an exact resonance between the ground and
D excited surfaces, i.e.,

H=i[ I+ p3l- +V(ry,r +@+V(9)
2/,L pl p2 1 ZvVeq) 2| 4 '

Ve(rl’rZi'yeo>_vg(r11r21'yeo):nﬁw’ )
wherer, andr, are the two CX bond lengthgfor conve-
nience, we will hereafter refer only to the case of J(O¥ is  wherew is the laser frequency andis the photon number.
the angle between the molecular axis and that of the linearlyhus we determine the positiong andr , for which Eq.(3)
polarized laser fieldm, is the carbon atom masg, is the s satisfied and use these as our initial conditions. The photon
reduced mass between the carbon and oxygen atoimthe  numbern in Eq. (3) here is 3 for a 532-nm wavelength.
moment of inertia of linear C®, andy.qis the(fixed) equi-  Indeed, strong absorption at this excitation energy has been
librium bond angle in CQ (180°). V(rq,rp,ve9, the experimentally observed in photodissociation spe¢trd.
excited-state PES that governs the dynamics, is a LondorAt some bond lengths four-photon transitions are also pos-
Eyring-Polyani-Sato(LEPS surface (see Ref.[7] for the  sible, but the bond lengths at these resonances are quite far
functional form) for which the parameters pertaining to from the ground-state potential equilibrium and therefore ig-

CO, are provided in Ref(8]. nored since the wave-function amplitude far from the poten-
Photodissociation of C® has been simulated quantum tial minimum is very small.
mechanically in both the time-dependd®i and the time- Ideally, each initial position should be weighted by the

independent[8] frames using these LEPS parameters.Wigner distribution corresponding to the ground-state vibra-
Asymptotically, in the limit of infinite separatioftarger, or  tional wave-function. The initial momenta for the three co-
r,), the LEPS surface corresponds energetically tot@D ordinates must also be specified to integrate Hamilton's
fragments. The total angular momentum of the molecules igquations. Since the Wigner distribution is strongly peaked
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resolution of+1.8°.

Note that, with increasing polarizability, there is increas-
ing alignment of fragment ions about the laser polarization
axis, as expected. Also, the appearance of the “heart-
shaped” distribution about the polarization axis, especially
at higher values of polarizabilit(that is, higher field-
molecule interaction energylt is worth emphasizing that
this is the first time, to our knowledge, that indications of

% 10a
150, % 200, such structure have been obtained in the fragment ion angu-

N

lar distribution in both the experimental results and the simu-
lations.

Running the simulations at various polarizabilities is jus-
tified because the polarizability involved in this interaction is
of a dynamic nature and can be substantially larger than its
zero-field value §&). Molecules such as GSdisplay large
nonlinearities, even at laser intensities as low a$-1m®

5 500 W cm™2 [12], intensities attained in the rising edge of our
laser pulse. In an intense-field situation, the polarizability
will, in principle, have many nonlinear terms, each of which
can be enhanced by resonances accessed. The sum total of all
such terms can be orders of magnitude larger thaCon-
sequently, we anticipate large values of induced dipole mo-
ment in these interactions.

It is instructive to compare théield-freg rotational en-
FIG. 5. Calculated angular distributions of'Cirom CO, with ergy (0.013 eV of the linear CQ molecule at 298 K
increasing time-averaged polarizabilitie0, 15, 20, 25, and 50 (J=Jna=16) with the field-molecule interaction energy

times the ground-state(zero-field polarizability for CO,, [assumingfd=0 in Eq. (2)], which is 0.193, 0.290, 0.386,
@=2.911x 1072 cm?]. Note the increasing alignment about the 0.483, and 0.966 eV for the five polarizabilities assumed in
laser polarization axighorizonta) with increasing polarizability, Fig. 5. We note that the field-molecule interaction energy

i.e., increasing field-molecule interaction. Also note the appearanceverwhelms the field-free rotational energy and thus can in-
of the heart-shaped peak at higher multiplesrof duce alignment.

N

at p=0, p1(0)=p,(0)=0. As for the initial total angular

momentum,p,(0), we assumed that the molecules rotate IV. CONCLUSION

with a single angular momentupy(0)=7% vJmal Imaxt 1), In summary, we have demonstrated the formation of
whereJnay (=16) is the most probable angular-momentumaligned states of thermal-energy triatomic molecules in in-
qguantum number for C@at 298 K. tense laser fields. Pendular motion manifests itself in the

With the above initial conditions specified at time0,  measured shapes of the angular distributions of dissociation
Hamilton’s equations were integrated for 600 different initial products formed as a result of molecule-field interactions.
angles between the molecular and laser polarization axeBhe results of our dissociation dynamics model, using a
[ #(0)] and six initial vibrational bond lengths for each initial LEPS potential energy surface, qualitatively reproduce the
angle. These equations were integrated until a separation ééatures of our data; the measured heart-shaped angular dis-
~10 A occurred between the CO and O fragments. For eactributions are reproduced. The alignment that is measured fits
trajectory, the finald was recorded. After all trajectories, in with the theory of Friedrich and Herschbal@i and their
polar plots were created to show the angular distribution ofnterpretation of such alignment due to pendular states. We
products for various time-averaged polarizabilities of thebelieve our measurements to be the most direct evidence for
excited-state surfadé-ig. 5. These plots assume an angular pendular motion of molecules in intense laser fields.
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