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Abstract. We investigate the dynamical alignment of jet-cooled OCS molecules
induced by a short laser pulse. The alignment is measured through the orientational
contribution of the optical Kerr effect using a second weak laser pulse as a probe.
Maximum alignment is observed at conditions close to saturation of ionization. The
results are analysed with a quantum mechanical model solving for the rotational
dynamics.
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Molecular field-free alignment has received enhanced attention (for a review see
reference [1]) after its first observation in Iy [2]. In principle, any molecule of anisotropic
polarizability kicked by an intense and sufficiently short laser pulse can be aligned in
field-free conditions, i.e. after extinction of the pulse. Even molecules that are highly
symmetrical in their ground vibronic state (like for instance CHy) would be aligned,
providing that they are excited in a state of non-spherical symmetry. However, most
of the studies have been performed through the non-resonant interaction of the laser
field with the ground vibronic state of the molecule [3]. When one uses laser pulses
of duration 7, much longer than the rotational period defined by T, = 1/(2Bc), with
B one of the rotational constants and ¢ the speed of light, the alignment is adiabatic
and occurs therefore only during the interaction [4]. On the other hand, a short pulse
71, < T, produces post-pulse alignment transients of duration much shorter than the
rotational period. For linear molecules, the transients are spaced in time by a fraction
of the rotational period. If one considers the rigid rotor approximation, the effect lasts
as long as the coherence of the medium is maintained. The main advantage of the short
pulse is that applications based on aligned molecules can be conducted in field-free
conditions.

Most of the studies devoted to laser-induced alignment of small molecules have been
focused on non-polar molecules [1]. In fact, the permanent dipole plays a negligible role
when the alignment occurs through the non-resonant excitation of the polarizability.
However, alignment of polar molecules is an interesting issue due to its close relation to
orientation. Laser-induced orientation has been achieved by combining an electrostatic
and a pulsed laser field in the adiabatic regime [5, 6]. So far, observation of orientation
in the short pulse regime [7] remains out of reach. Orientation presents important
prospects with respect to control of steric effects in physical chemistry but also to non-
linear optics. In the latter, processes for instance prohibited in centrosymmetric media
could be allowed in the gas phase, like the generation of even order harmonics.

The scope of this work is to present a detailed study of field-free alignment of a polar
molecule using carbonyl sulfide as a target molecule. The OCS molecule is aligned non-
resonantly by a short pump pulse of duration ~ 70 fs and intensity 10—20 TW /cm?. The
detection is based on the optical Kerr effect. The alignment is probed by using a second
pulse that interacts with the molecules after they have been exposed to the pump pulse.
The anisotropic angular distribution of the molecular axis results in the depolarization
of the probe that can be observed in time by changing the delay between the two pulses.
Because the second pulse is weak, we can safely assume that the alignment is not affected
by the probe and therefore that the signal reflects only the alignment produced by the
first pulse.

The pump and probe pulses are delivered by a Ti:Sapphire laser chirped pulse
amplified system operating at 10 Hz with a central wavelength of 800 nm, delivering
pulses with energy up to 150 mJ and duration down to 50 fs. Although we use a vacuum
setup designed for the generation of high order harmonics through large interaction
volume [8], the scheme of the experiment is similar to the one presented in reference [9].



Laser-induced field-free alignment of the OCS molecule 3

A delay line is used in order to adjust the temporal delay between the pump and probe
pulse. Both pulses are linearly polarized at 45° to each other. For improved alignment
efficiency, the molecules are cooled in a jet expansion of pure OCS operating at a backing
pressure of 2-4 bars. Both beams are focused with a lens of 3 m focal length and cross
each other at a small angle (~ 1°) into the jet expansion, close to the nozzle where
the number density is large. The jet axis is intersected by the two laser beams at 90°.
At the exit of the interaction chamber, the pump is blocked by a beam stop and the
depolarization of the probe is detected through a polarizer set at 90° with respect to
its initial polarization direction. The depolarized probe field is then collected with a
photomultiplier, sampled by a boxcar integrator, and sent to a computer that is also
used to control the delay line.
In the limit of small birefringence, the intensity signal & measured at the pump-
probe delay 7 is approximated by
8(r) o [ dt It~ 7) (Anocs(t) + P) (1)

where I,,.(t) is intensity envelope on the probe pulse, Anpcs(t) = ny(t) — ny(t) is the
difference of refractive indices of OCS between the parallel (||) and any perpendicular
(L) direction of the pump polarization axis, and P is a parameter that applies when
heterodyned detection occurs [10, 11]. For a linear molecule, it has been shown [12] that

Anocs(t) = 2122 ({eo8), (5~ 3) (2)

4dneg

with n the average value of the refractive index at the probe frequency, N the number
density, ¢ the dielectric constant of vacuum, and Aa = 4.04 A3 the anisotropy of
polarizability for OCS [13]. Higher-order polarizabilities have been neglected. In
this expression, (cos?6)r, defines the quantum and thermally averaged value that
characterizes the extent of alignment with 7Ty the initial temperature of the gas sample
and 6 the angle between the molecular axis and the polarization direction of the pump
electric field. For a randomly oriented ensemble of molecules, we have (cos? ) = % and
thus Anocg(t) =0.

Figure 1 (lower panel) displays the signal S(7) measured in pure OCS. The
experiment is performed with a pump intensity / ~ 20 TW/cm?. Only the signal
recorded in the vicinity of the alignment transients is shown. The observation is
characterized by transients of field-free alignment corresponding to revivals of the
rotational wave packet initially excited by the pump. The revivals are spaced by
41.1 ps that corresponds to 7T,/2, assuming B=0.20 cm™! [14]. Revivals observed at
quarter period in molecules with inversion symmetry, where the population is affected
by nuclear spin statistics, are not observed in polar molecules [15, 16]. (cos®#6)y, is
shown in the upper panel of figure 1. It has been obtained by solving the time dependent
Schrodinger equation for a thermal ensemble of molecules with the model described in
reference [9]. In the simulation, the rotational temperature was adjusted to Ty = 100 K
as to provide the best agreement with the observation. This value value is consistent
with the experimental conditions assuming an isentropic expansion for the molecular
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Figure 1. (Color online) Lower panel: heterodyned signal versus pump-probe delay
recorded in a supersonic jet of OCS. Upper panel: corresponding value of {(cos?8)r,
from numerical simulation (see text).

jet [17]. The dashed line corresponds to {cos®6) = 1/3. As it has been reported in
several studies [18, 12, 19|, the rotational dynamics of a linear molecule leads to a
regular alternation of the molecular axis between alignment ({(cos?#) > 1/3) and planar
delocalization ({cos?6) < 1/3). Between the revivals, the angular distribution remains
slightly elongated along the field direction leading to a small permanent alignment with
(cos? §) ~ 0.35. The doted line shown in the lower panel indicates the constant signal
S(7) o< [ dt P2L,.(t — T) (see equation 1) associated with the heterodyne component
produced by the probe alone. It originates from uncompensated birefringence from
the optical elements, mainly occurring in the windows of the vacuum chamber due
to pressure difference. In the present experiment, we can see that the heterodyne
component favors the signal on the alignment peaks compared to delocalisation, meaning
that the parameter P introduced in equation 1 is positive.

A thorough analysis of the transient allows for a quantification of the alignment.
The structural shape of the revival is governed by the pulse parameters, the temperature,
and the probe DC signal when heterodyned detection is used. Figure 2 displays the first
revival (7). /2) observed at same temperature as in Figure 1, but different pulse intensities
I and with a reduced heterodyne component. [ is the average intensity deduced from the
experimental parameters of the pump beam. The expectation value (cos® )z, (upper
panel) has been obtained by fitting equation (1) to the experimental data using two free
parameters, a scaling factor and the temperature Ty. The parameter P was deduced
from the DC level after deconvolution by the probe intensity envelope and set as a fixed
parameter. The modification of the signal with respect to alignment occurs though the
asymmetry of the transients. With homodyne detection, the degree of alignment can
be deduced from the asymmetry, the last being mainly due to the intensity-dependent
permanent alignment [12]. In the present experiment, where heterodyned detection is
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Figure 2. (Color online) Lower panels : Numerical simulations (dashed curves) and
heterodyned signals (full curves) recorded for different intensities I of the pump pulse:
(a) 14 TW/cm?, (b) 21 TW/cm?. Upper panels : corresponding value of (cos? 0)r,
from numerical simulation.

employed, both permanent alignment and heterodyne component happen to contribute
with comparable weight to the signal. These contributions can be readily understood
from figure 2. The permanent alignment corresponds to the elevation of {cos? #)7, with
respect to the value 1/3. The heterodyne component can be evaluated in terms of
(cos®0)7, just by looking at the delays where the simulated signal drops to zero. For
these delays (see the vertical doted lines), the heterodyne component compensates the
OCS contribution, i.e. Angcs ~ —P, with P > 0 in this case. This results in the two
minima observed from both sides of the delocalisation peak at 41.6 ps.

The signal modification when the pump laser intensity [ is increased from
14 TW/cm? (a) to 21 TW/ecm? (b) is due to the modification of both global alignment
(permanent and dynamical) and probe DC signal. The last one occurs because the
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intensity ratio between the pump and probe pulse was kept constant during the
experiment. The 50 % increase in the DC level (doted lines) between (a) and (b)
reflects therefore directly the change of the probe intensity I, (see equation 1). The
alignment peak raising at 7 = 42.4 ps is due to the increasing permanent alignment.
Regarding the signal ratio between the two intensities, we should point out the following.
For similar experimental conditions, we have shown that (cos®€6)z, — 1/3 varies almost
linearly with the pump intensity [20]. More precisely, (cos?0)7, — 1/3 develops slightly
faster (slower) than the intensity on a transient of alignment (delocalisation), because
of the permanent alignment. We should therefore expect, in a first approximation
(i.e. neglecting heterodyning and permanent alignment), that changing the intensity
from 14 to 21 TW /cm? would result in an increase of the maximum signal by about
(21/14)3 ~ 3.3. Obviously such enhancement is not observed in figure 2. Experiments
conducted at larger intensities have revealed no further improvement of the alignment,
indicative of saturation through ionization by the pump pulse [9]. The high order
harmonics spectra that we have observed in OCS corroborates an upper limit of
30 TW/cm? for the saturation intensity of ionization (see appendix). Owing to these
effects, the maximum alignment achieved in this work was limited, according to the
simulation, to (cos? )7, ~ 0.48.
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Figure 3. (Color online) Contour plot of the intra-revival temporal time interval § (in
ps) between the alignment and delocalisation peak calculated for different temperatures
Ty and intensities I. The depicted rectangles represent the uncertainty range of the
correlated parameters (see text).

Another interesting issue of this work is the influence of the gas temperature on
the recorded signal. The adjusted temperature in figures 1 and 2 is Ty = 100 K. As it is
known, the degree of alignment improves with lower rotational temperature [21, 22]. For
intermediate temperatures, investigated here, a small variation of temperature (£ 30 K)
mainly affects the width of the transients and the peak ratio between delocalisation and
alignment. An estimation of the initial rotational temperature before excitation can
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be inferred from the time interval § [depicted in figure 2 (a)] between the peaks of
alignment and delocalisation.This quantity mirrors the rotational period corresponding
to the barycentre of the rotational state distribution that comprises the wave packet
after laser excitation [23]. The larger is §, the lower is the energy of the excited states.
However, because the final population does not only depend on the laser intensity [
but also on the initial rotational distribution, the width of the revival and therefore
0 is as well affected by the initial temperature Ty. The correlation between intensity
and temperature is illustrated by the simulation of figure 3, where ¢ is depicted versus
Ty and I for the revival of figure 2. The contour § = 0.81 and 0.775 ps corresponds
to the parameters of figure 2 (a) and (b), respectively. One can see for instance that
a variation of £ 20 % on the intensity of (a) and (b) translates to an uncertainty on
the temperature of £ 3 K and 4+ 7 K (see the depicted rectangles), respectively. These
values are about the standard deviations given by the corresponding fits. Considering
an experimental intensity known with an uncertainty of + 20 %, one can reasonably
assume that the temperature was 100 £+ 10 K.

In conclusion, we have shown that the OCS molecule can be aligned in a non-
adiabatic regime by a short laser pulse. A comparison between the experimental data
and calculations based on a rotational dynamics quantum mechanical model allowed for
estimations of the degree of alignment. The maximum alignment was observed to be
limited by saturation of ionization. In order to increase the alignment beyond the limit
imposed by ionization, the laser pulse should be optimized. One possibility would be to
use a single pulse that would satisfy the following conditions : (i) the duration should
be long enough to maximize the population transfer (i.e. the alignment), though not
too long in order to preserve the revivals of the wave packet, (ii) the intensity should be
set below the saturation of ionization. Another possibility is to employ a train of short
pulses [24], or to make use of self learning evolutionary algorithm in order to design
more sophisticated pulse that would maximize the degree of alignment [25].
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Appendix. Estimation of the ionization saturation threshold of OCS
molecules based on high order harmonic generation

Concerning the measurement of the spectrum of the harmonics generated by OCS
molecules, the experimental setup of reference [8] has been used. The output from
the delay line pump 70 fs laser beam was focused onto the pulsed OCS gas jet where
the harmonics where generated. A 0.1+0.02 pum thick Al filter allowed for selecting the
bandwidth of 9" to 15" harmonics and for blocking the fundamental laser beam. A
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tungsten coated spherical mirror with 5 cm focal length focused the XUV beam onto
a second gas jet filled with Xe gas and the emitted photoelectrons were detected by a
TOF electron spectrometer. Figure Al (a) shows the photoelectron energy spectrum
obtained by the harmonic-single-photon ionization of Xe gas. The double peak formation
results from the spin-orbit splitting of the Xe™ ground state 2P (12.13 V) and 2P, 5
(13.44 eV). This spectrum corresponds to the maximum signal obtained indicating the
saturation of OCS ionization.
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Figure A1l. (Color online) (a) The measured energy resolved photoelectron spectrum
of Xe due to single-photon ionization by the 9*"-15* harmonics. (b) Filled circles:
Open diamonds:
reflectivity of the Al filter-tungsten mirror in the spectral region of 92 to 50 nm.

Measured relative harmonic intensity values. The transmission-

Vertical bars: The corrected relative harmonic intensities generated in OCS gas jet.
Error bars correspond to the uncertainty of the Al filter.

Figure Al (b) depicts the relative intensities of the harmonics generated in OCS
gas jet. The individual harmonic signals (filled circles) have been corrected for the
transmission - reflectivity of the Al filter-tungsten mirror (open diamonds). The relative
intensity distribution of the harmonics in the corrected harmonic spectrum (vertical
bars) indicates that the 11" is the maximum harmonic order corresponding to the cut-
off region. According to the cut-off law, Fyy = I P — 3.17U, (where Ej; is the photon
energy of the 11" harmonic, /P = 11.18 eV the ionization potential of OCS and U, the
mean kinetic energy acquired by a free electron oscillating in the driving laser field) an
upper limit for the ionization saturation intensity of OCS is estimated to be 30 TW /cm?.
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