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Dynamic and geometric alignment of C$ in intense laser fields
of picosecond and femtosecond duration

S. Banerjee, G. Ravindra Kumar, and D. Mathur
Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India
(Received 9 June 1999

CS; is identified as a molecule for which distinction can be made between dynamic and geometric alignment
induced by intense laser fields. Measured anisotropic angular distributions of fragment ions arige) from
dynamic alignment of the S-C-S axes along the laser polarization vector for 35-ps laser puls@s and
geometric alignment due to an angle-dependent ionization rate in the case of 100-fs pulses. Results of classical
calculations of the alignment dynamics support our observations. By comparing mass spectra obtained with
linearly and circularly polarized light it is not possible to distinguish between dynamic and geometric align-
ment.[S1050-2947@9)50311-9

PACS numbgs): 33.80.Rv, 33.90+h, 42.50.Vk

Prevailing wisdom on the spatial alignment of moleculesfield ionize. Posthumust al. [1] have presented a classical

in intense laser fields has been challenged in two recent renodel for such enhanced ionization in which it is not neces-
ports [1,2]. The possibility of spatially aligning molecules sary to invoke dynamic alignment in order to account for
using strong light has attracted much attention since the picanisotropic angular distributions of the products of laser-
neering double-pulse experiments of Normaewal. and field-induced dissociative ionization of.1In the light of
Dietrich et al. [3] appeared to f|rm|y establish that the field these deve'opments’ it is C|ear|y important to reassess the
associated with intense, linearly polarized, laser light of pi-contribution of dynamic and geometric alignment to the ob-
cosecond duration induces sufficiently strong torques on aBgneq anisotropy of angular distributions of fragment ions,
initially randomly oriented ensemble of linear diatomic mol- especially when femtosecond-duration light pulses are used

ecules that reorientation of internuclear axis occurs. The eX field ionize molecules

perimental manifestation of such alignment is the anisotropic Proper theoretical insight into the extent of alignment ob-

angular distribution of fragments produced upon subsequent . . : : . .
: TR R o - tained when molecules are irradiated by intense laser fields is
dissociative ionization of molecules: ion intensities are maxi-

mum in the direction of the laser polarization vector anold|ff|cult to attain due, essentially, to unknown values of po-

minimum (frequently zerpin the orthogonal direction. Ear- larizabilities and hyperpolarizabilities of the gamut of elec-
lier work on diatomic molecule§g] has been extended to tronic states that might be accessed in the course of dissocia-

triatomics and polyatomidst] and recently for neutral atoms Ve ionization. As noted by Ellert and Corkufg], it is of

[5]; much of the interest in the alignment of the internuclearMUch importance to experimentally assess the extent to
axis (referred to in the current literature as dynamic a"gn_whwh the angular anisotropies measured in earlier picosec-
men in molecules has been generated because of tantalizirgnd and femtosecond experiments are actually due to dy-
possibilities of pendular-state spectroscdpyand coherent namic alignment. To this end we report here the results of
control experiment$7]. Now, results of experiments con- experiments on the linear triatomic, &£3using picosecond
ducted by Posthumuet al.[1] and by Ellert and Corkurf2] ~ laser beams(35 ps, 532 nm in the intensity range
offer indications that when a linearly polarized light field 10 W cm™2 and femtosecond bean($00 fs, 806 nrin

acts on molecules whose constituent atoms are héawh  the range 18 W cm™2-10"° W cm™2. CS,, along with its

as iodine-containing diatomics and polyatomjcsaser- valence isoelectronic companion, &0s the archetypal tri-
induced dynamic alignment may not occur. The angular disatomic system that has been subjected to many experimental
tributions of the products of dissociative ionization in suchstudies. In the context of the present work, it also represents
cases might be determined essentially by the dependence afspecies on the boundary between “heavy” molec(gesh

the ionization rate on the angle made by the laser polarizaas b and its derivativeson the one hand, and lighter species
tion (conventionally referred to as photoionization anisot-(like Hy, N,) on the other. On the basis of our experiments,
ropy) vector with the molecule’s symmetry axi$,2]. Fora we identify CS as the molecule that undergoes dynamic
given value of laser intensity, the rate of ionization is largestlignment when irradiated by lon{85-p9 pulses; on the

for those molecules whose internuclear axis lies parallel t@ther hand, 100-fs pulses give rise to anisotropic fragment
the direction of the laser polarization vector. The observedon distributions that can be accounted for in terms to geo-
anisotropy of the fragment ion angular distribution is there-metric alignment.

fore determined by a purely geometric effect—namely the In our femtosecond experiments, light pulde$ wave-
angle made by the molecule with the light field direction.length 806 nmwere obtained from a high-intensity, Ti:sap-
Moreover, this increase in ionization rate maximizes at gphire, chirped pulse amplified, 100-fs laser operating at
critical internuclear distance at which the least bound elec10-Hz repetition rate. The laser light was focused using a
tron localizes on one atomic core and the field of the othebiconvex lens, of focal length 10 cm, in an ultrahigh vacuum
core adds to the laser field, causing the elongated molecule thamber capable of being pumped down to a base pressure
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nal direction. This holds for both 35-ps and 100-fs duration
L laser pulsesA priori, it is not possible to deduce whether the
Polarization angle (deg) observed anisotropy is due to dynamic or geometric effects.
. ) ) L Following the prescription articulated by Posthumetsal.
FIG. 1. Variation of(a) S* and(b) S$** yleld_ with polarization 1], we c?istingl?ish bertheen dynamic a”}énmem on the one
ar.]gl.e' These measurements were made using 100-fs laser pmsgénd and the effects of angle-dependent ionization rates
Similar data was obtained using 35-ps pulses. (geometric alignmenton the other by probing the ratio of

of 3x10 ' Torr. We used operating pressures sfg  fragment ion yields obtained with orthogonal laser polariza-
%108 Torr (i.e., well below the pressure at which space-tions over a range.of Ias.er intensities. Figure 2 depicts the
charge effects will alter the resulitsions produced in the Variation with laser intensity of the ratio of §/'S, ™ (and the
laser-molecule interaction zone were analyzed by a two-fieldcorresponding ratio for S and $* ions), where the sub-
linear time-of-flight(TOF) spectrometer. To study the spatial SCripts| andL denote, respectively, the'Syield at angles of
distribution of ions produced in the focal zone, apertures of?° and 90° between the laser polarization vector and the axis
different sizes were inserted before the detector in order t8f the TOF spectrometer. In the case of geometric alignment,
spatially limit the interaction volume being sampled. In theit would be expected that the component becomes en-
present series of measurements we used circular apertures,iginced as the laser intensity is increased. Consequently, the
2 mm and 15 mm diameter, centered about the focal point. I /S, " ratio would fall with increasing laser intensity. Our
the former case only the Rayleigh rang24 mm was 100-fs results indeed indicate this: significant drops occur in
sampled, while in the latter instance the lowest intensity acthe §7/S, *, §%%/S,%*, and $"/S}" ratios as the laser
cessed was 8102 W cm™2 for a peak laser intensity of 2 intensity is increased from £8to 10" W cm™2. Geometric
X 10" W cm™2. Details of our apparatus and methodology alignment clearly dominates the spatial alignment process in
are presented elsewhef8]. Our picosecond experiments this case. However, Fig. 2 also shows that when 35-ps dura-
used the second harmonic from an Nd:YAGeodymium- tion laser pulses are used, of intensity in thé*My cm™?
doped yttrium aluminum garnelaser producing 35-ps long range, theoppositeeffect is observed. The|§/S, * ratio
light pulses. Here, the ions formed were analyzed by either aow increases with laser intensity. Similar observations were
quadrupole mass spectrometer or a TOF device. This appaiso made for 5" ions. Dynamic alignment of GSclearly
ratus has also been described in a number of earlier public@ccurs when we use longer-duratit8b-p9 laser pulses.
tions[4]. In order to gain some intuitive insight into the different
Typical angular distributions measured fof and $* behavior obtained with short and long pulses, we have car-
fragments are shown in Fig. 1. The polarization angle wagied out calculations of the alignment dynamics by solving
varied by means of a half-wave plate, with on-line monitor-the classical equation of motion for a rigid rotor in an electric
ing of the laser intensity to ensure a constant value in théield [see Eq.(1)], for different laser intensities and pulse
course of measurements with different polarizations. The andurations. These calculations provide information on the na-
gular distributions for $ and $* (and for higher charge ture of the torques that are experienced by the molecule in
states of S ions that are not shown in the figuaee clearly the time evolution of the laser pulse. The interaction of the
very anisotropic, with many more ions being produced in thgadiation field with C$ is, in the first approximation, gov-
direction of the laser polarization vector than in an orthogo-erned by the molecular polarizabilityy=aj— @, , where
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the first and second terms refer, respectively, to polarizability gl

components parallel to and perpendicular to the molecular

bond. Following Landau and Lifshitgl0] we express the FIG. 4. Mass spectra of GSrradiated by 100-fs pulses at two
angular acceleration of the internuclear axes as laser intensities, with linear polarizatigpointing parallel and per-

) pendicular to the TOF axisas well as with circular polarization.

o= -2 sin2g 1
=~ sin2¢, (1)

vector, the angular velocity imparted in the process is large
enough to cause oscillations about the polarization axis such
where 6 is the polar angle between the S-C-S axis and thehat there is no overall alignment. FigurébB shows the
light field, € is the field strength, andl is the moment of corresponding calculations for 35-ps laser pulses. For peak
inertia of the molecule about its center of mass. We assumiaitensities above 8§ W cm™ 2, the molecular axis becomes
cylindrical symmetry and ignore higher-order terms involv- coincident with the polarization vector very early in the time
ing a?. There is no permanent dipole contribution since weevolution of the laser pulse. Thereafter, small-amplitude os-
take CS to remain linear even in a strong external field. Thecillations are seen. Such a system would be expected to show
alignment dynamics calculated by us are depicted in Fig. 3lynamic alignment, as is indeed seen in our experiments.
for a range of laser intensities. The time-dependent light An obvious, but presently unavoidable, shortcoming in
pulse is taken to be a Gaussian multiplied by a cosine funceur calculations is in our use ef values that pertain to GS
tion (the intensity envelopes of our 100-fs and 35-ps pulsedn its ground electronic state. The value ®f will increase

are shown as the solid lines in Fig. s the light intensity  substantially with applied field, as the bond elongates and the
increases, a torque is exerted on the molecule, causing reoedectron-density distribution is distorted from its ground-
entation along the polarization vector. Further increases istate morphology. No information exists on how, and to what
intensity lead to ionization, bond stretching, and multipleextent, such enhancement occurs. In addition, contributions
electron ejectiorfand consequent dissociatjosince Eq(1l)  from the hyperpolarizabilitie@vhich are expected to be sub-
only accounts for the first of these steps, the reorientatiostantial at these laser intensiti@sust also be considered in a
time that is obtained is to be regarded as a lower limit. Usingoroper description11]. Nevertheless, the qualitative insight
100-fs pulses at intensities 10" W cm™ 2, our results indi-  that these model calculations yield is encouraging in that
cate that no significant reorientation of the S-C-S moleculehere is consistency with our experimental observations.
occurs. For peak intensities in the!4® cm™?2 range, there We note that the prescription used by Ellert and Corkum
is significant reorientation; the angle changes from 0.75 t¢2] in order to distinguish between dynamic and geometric
0.45 radians in the time taken for the laser pulse to reach aalignment in iodine and iodine-containing molecules was to
intensity of ~5x 10" W cm™2. Since this intensity is well measure the fragmentation pattern using linearly and circu-
above the S appearance thresholdFig. 2), the extent of larly polarized light of intensities such that the same field
reorientation is clearly overestimated in our calculations. Fostrengths were obtained in both cases. Identical fragmenta-
higher peak intensities~10'® W cm™2), our results indi- tion patterns were taken as evidence against dynamic align-
cate that, although the torque generated by the laser field iment. An assumption that is implicit in such an approach is
sufficient to bring the molecule in line with the polarization that circularly polarized light can be treated as a combination
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of two perpendicular, linearly polarized components. How-parallel and perpendicular to the TOF axis, as well as with
ever, on the basis of recent experiments, it is our contentionircularly polarized light. The ion yield obtained with circu-
that the dynamics resulting from irradiation of molecules bylarly polarized light is uniformly lower than that obtained
circularly polarized light cannot priori, be expected to be With linear polarization, parallel as well as perpendicutae

a linear combination of the dynamical effects due to linearlyCS;" peak at the higher laser intensity is not taken into
polarized light aligned parallel and perpendicular to the mo-account in this comparison as the ion signal was saturated
lecular symmetry axis. Circularly polarized light imparts an- Note that fragment ion yields obtained with parallel polariza-
gular momentum to the molecule that is being irradiated!ion are higher than corresponding yields obtained with cir-
whereas linearly polarized light does not. How this might‘?“'ar polar|zat|on,'even when the magnitudes of the electrlp—
affect molecular dynamics in intense laser fields is an issufl€ld components in the latter are a factor of 3 larger than in
that has not been properly addressed. Experiments that e former. Hence, comparison of ion yle_lds obtame_d with
have recently conducted on intense-field-induced multipl mgdar an(?c C|rcular.poladr|zat|o.n C?HHOt give Lén.ambflguohqs
ionization of N, [12] reveal that the polarization state of the evidence for or against dynamic alignment, and it is for this

L ; T : .~ reason that we opt to rely on data shown in Fig. 2 to make
|nC|d_ent light affegts th_e lonization spectru_m in the following deductions about geometric alignment being responsible for
fashion: when using circularly polarized light, we observe

- X SOy 8the anisotropic angular distributions that are obtained for
distinct suppression of ionization channetempared to the

S o> ) . X fragment ions when GSmolecules are immersed in 100-fs-
situation pertaining to linearly polarized light of the same|ong laser pulses.

field strength. Moreover, an enhancement of lower-energy - pinerto  discussions of polarization effects in molecules

pathways to dissociation is apparent in the case of circulaf ve tended to focus only on classical aspects of spatial

polarization. We believe that this may reflect the importance,|iqnment resulting from induced dipole moments in intense
of high-angular-momentum intermediate states that may bg i fields. The results shown in Fig. 4 indicate that the

accessed when circularly polarized light is used. Such statgs arization state of light is also of fundamental importance

present “wider” centrifugal barriers to dissociative ioniza- j, 5 guantum-mechanical sense in that it affects molecular
tion; this manifests itself in the increasing |mpo1r\lt§mce ofionization yields and dissociation pathways. It is clear that
longer tunneling time pathways that our data o3f'Nions g, considerations need to be incorporated in the develop-

[13] indicate. _ .. ment of adequate descriptions of molecular dynamics in in-
In the case of CSmolecules also, we observe significant {onse light fields.

differences in the pattern of dissociative ionization between

circularly and linearly polarized light. By way of example,  We thank the Department of Science and Technology for
we show in Fig. 4 the fragmentation pattern obtained, at twasubstantial financial support for our femtosecond laser sys-
laser intensities, using linearly polarized light that is alignedtem and Vinod Kumarappan for many useful discussions.
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